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SUMMARY 


I  . 

A  complete  analytical  model,  and  computer  program 
describing  the  performance  of  flowmeters  iri  the  high 
Reynolds  number  regime  has  been  formulated.  One  of  the 
primary  innovations  of  this  model  is  its  capability  for 
describing  arbitrary  axisymmetnc  inlet  flow  fields,  in 
contrast  to  the  flat  velocity  profiles  used  in  all  prior 
analyses.  Other  key  features  of  the  model  are  the  con¬ 
sideration  of  finite  flow  deflection  angles  by  the  rotor 
blades,  and  the  utilization  cl  actual  empirical  bearing- 
torque  data  in  the  retarding  torque  formulation. 

Other  well-known  effects  included  in  the  model  are 
those  of  manufacturing  tolerances;  meter  temperature; 
fluid  temperature,  density,  and  viscosity;  nunier  of 
blades;  blade  shape  (e.g.,  flat  or  helical);  pzeswirler 
configuration;  fluid-drag  retarding  torque;  readout-device 
retarding  torque;  type  of  bearing  (ball  or  journal);  etc. 
The  model  was  intended  for  use  with  storable  propellants, 
but  would  be  suitable  for  cryogenic  propellants  with  little 
or  no  modification,  providing  the  pertinent  input  data 
were  available. 
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Capability  of  the  model  to  predict  meter  performance, 
as  well  as  to  determine  output  sensitivity  to  all  the  above 
parameters,  was  demonstrated  by  numerical  examples  with 
two  different  fluids,  utilizing  input  data  from  commercial 
meters  in  the  2"  size  range.  The  results  of  these  cal¬ 
culations  clearly  demonstrated,  for  the  first  time,  that 
the  inlet  velocity  profile  dominates  flowmeter  performance. 
Effects  of  all  retarding  torques  were  relatively  small, 
becoming  important  only  at  the  lower  Reynolds  numbers,  with 
blade-tip  and  hub  fluid  drag  far  outweighing  all  other 
retarding  irques. 

On  the  basis  of  the  results  of  these  calculations,  a 
recommended  test  program  wes  formulated  to  (a)  evaluate  the 
analytical  model,  (b)  evaluate  the  few  empi  ical  effects 
which  could  not  be  included  in  the  model  due  to  lack  of 
appropriate  test  data,  and  (c)  determine  the  effect  of 
piping  configuration  and  upstream  conditions  on  meter  inlet 
velocity  profile.  It  was  also  recommended  that  an  analytical 
study  be  performed  to  determine  the  effects  of  asymmetric 
profiles,  not  included  in  the  present  study. 

Because  of  the  overwhelming  importance  of  the  velocity 
profile  in  determining  meter  variations,  j t  was  strongly 


recommended  that  the  test  program  be  designed  around 
Item  (c),  which  requires  little  in  the  way  of  standard 
turbine  flowmeter  test  capability.  Evaluation  of  the 
analytical  model  (item  (a]|  and.  m  particular,  of  the 
effects  of  asymmetric  velocity  profiles,  can  be  performed 
with  a  combination  of  standard  flowmeter  test  facilities 
and  the  specialized  inlet-profile  evaluation  capability 
needed  for  Item  (c) . 
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II.  INTRODUCTION 


A.  Purpose 

The  purpose  of  the  program,  as  stated  in  the  original 
Proposal  Request,  was  as  follows: 

"The  objective  of  this  study  is  to  develop  or  adapt  an 
existing  model  that  describes  flowmeter  performance. 

To  be  incluued  in  the  model  will  be  the  effects  of 
design,  manufacture,  installation,  off-line  calibration 
with  different  fluids,  and  fluid  dynamic  properties  of 
the  fluid  being  metered.  An  experimental  program  to 
verify  and  evaluate  the  effects  of  the  various  parameters 
in  the  model  will  be  outlined  but  not  performed.  ... 

"The  contractor  shall  provide  all  that  is  necessary  to 
accomplish  the  study  outlined  in  the  following  phases: 

"a.  phase  I  -  Literature  Survey. 

The  contractor  shall  conduct  a  literature 
survey  to  determine  the  applicability  of  existing 
turbine  flowmeter  performance  models. 

"b.  Phase  II  -  Model  Development. 

The  contractor  shall  adapt  an  existing  model  or 
develop  a  model  considering  but  not  limited  to  those 
of  the  following  items  which  are  felt  to  be  currently 
within  the  state-of-the-art: 

(1)  Design  Effects: 

(a)  Meter  and  blade  material 

(b)  Bearing  material 

(c)  Meter  size 

(d)  Cavitation 
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{ 2 )  Manufacturing  Effects: 

(a)  Quality  control  on  dimensions 

(b)  Surface  finish 

(c)  Lubricity  of  surfaces 

(3)  Installation  Effects: 

(a)  Upstream  valves  and  elbows 

(b)  Inlet  fluid  swirl  velocity 

(c)  Meter  position  -  horizontal  or  vertical 

(d)  Inlet  internal  surface  finish 

(e)  Asymmetric  velocity  profile 

(4)  Off-site  calibration  with  substitute  fluid: 

(a)  Calibration  shifts  between  fluids 

(b)  Breaking  in  running  and/or  working  time 

(5)  Fluid  dynamic  effects  of  metered  fluid: 

(a)  Chemical  reactivity 

(b)  Entrained  particles 

(c)  Fluid  temperature,  viscosity  and  density 

All  items  within  state-of-the-art  will  be  included 
in  uhe  model  and  reasons  given  for  not  including  the 
remaining  items. 

"c.  Phase  ill  -  Outlining  of  Experimental  Program: 

The  contractor  shall  outline  an  experimental 
program  that  will  meaningfully  verify  the  theoretical 
model  and  evaluate  the  magnitude  of  influence  of  the 
factors  included  in  the  model  as  they  affect  turbine 
flowmeter  performance  accuracy.  This  outline  shall 
include  the  materials,  equipment,  and  manpower 
estimates  required  to  conduct  the  program.  The 
program  experiments  are  not  to  be  performed.  ..." 
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B.  History 


Shortly  after  the  advent  of  turbine  flowmeters  as 
measurement  devices  for  propellant  flow  rates  in  rocket 
engines,  it  was  found  that  flowmeter  registration  in 
propulsion  test-stand  and  flight  applications  often  varied 
somewhat  from  the  meter  calibration  data.  Since  the  accuracy 
level  of  the  calibration  facilities  was  generally  far  better 
than  the  measured  discrepancies,  it  was  clear  that  variations 
in  test  parameters  must  be  responsible  for  the  observed 
differences  in  meter  output. 

A  number  of  analytical  and  experimental  studies  were 
conducted,  as  will  be  described  in  detail  in  Section  III 
of  this  report,  in  order  to  determine  those  parameters 
which  affected  flowmeter  registration,  and  to  establish 
the  quantitative  dependence  meter  performance  on  the 
various  factors.  Although  a  great  deal  was  accomplished 
by  these  studies,  there  were  several  serious  omissions  as 
well  as  some  conflicting  results,  in  order  to  resolve 
these  shortcomings,  it  was  decided  that  the  ICRPG  (Inter¬ 
agency  Chemical  Rocket  Propulsion  Group)  would  initiate  an 
analytical  program  to  develop  a  complete  turbine  flowmeter 
performance  model,  taking  into  account  all  possible 
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parameters  which  might  affect  meter  performance.  This 
analysis  was  to  be  followed  by  a  test  program,  to  be 
formulated  on  the  basis  of  the  results  obtained  from  the 
analytical  study. 

The  present  report  describes  the  develojunent  and 
results  of  the  analytical  program,  which  was  funded  on 
April  26,  1967  by  the  U.  S.  Army  Missile  Command,  Redstone 
Arsenal,  Alabama,  under  Contract  DA-AH01-67-C1609  with 
Greyrad  Corporation  of  Princeton,  New  Jersey.  This  report 
also  includes  detailed  recommendations  for  the  follow-on 
test  program. 

C.  Acknowledgments 

The  preparation  of  a  comprehensive  and  useful  per¬ 
formance  model  was  dependent  in  a  large  part  upon  the 
assistance  cf  the  turbine  flowmeter  and  bearing  industry. 

Mr.  John  Yard  of  Fischer  &  Porter  Company  provided 
details  of  their  meter  designs  required  for  computer  test 
cases.  Mr.  Milton  November  of  Potter  Aeronautical  Corporation 
provided  several  comprehensive  test  reports  concerning  the 
effects  of  vibration,  acceleration,  and  upstream,  piping  on 
meter  registration.  Responses  to  the  flowmeter  performance 
questionnaire  were  also  received  from  Mr.  Kenneth  Abramson  of 
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Cox  Instruments  and  Mr.  Edward  Miller  of  Foxboro  Company. 

The  essential  bearing  drag  data  were  provided  by  Mr.  Norman 
Dean  of  Miniature  Precision  Bearing  corporation. 

Members  of  the  ICRPG  Experimental  Measurements  committee 
who  directed  the  study  effort  assisted  with  response!  to 
the  industry  flowmeter  user  and  facility  questionnaire. 

Mr.  Ben  Wilson,  the  Project  Engineer  at  USAMC,  Redstone 
Arsenal,  also  assisted  in  the  literature  survey  by  obtaining 
many  technical  reports. 
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III. 


SURVEY  OF  TURBINE  FLOWMETER  LITERATURE 


Phase  I  of  the  contract  consisted  of  a  survey  of  prior 
turbine  flowmeter  literature  and  the  formulation  of  an 
approach  to  some  of  the  analytical  problems  in  the  model. 
The  results  of  this  survey  were  given  in  the  Second  Monthly 
Progress  Report  of  the  subject  contract,  which  had  limited 
distribution.  A  summary  of  the  literature  survey  and 
pertinent  references  is  presented  here  for  convenience, 
since  it  formed  the  basis  for  the  definition  of  the  model. 

A  search  of  recent  literature  was  made  through  the 
use  of  nine  abstracts  and  indexes.  A  card  file  of  more 
than  200  references  was  prepared  with  a  brief  abstract  of 
each  item.  Based  on  the  abstracts  given,  reports  that  were 
considered  pertinent  to  the  contract  were  documented  in  the 
form  of  a  second-draft  bibliography  of  approximately  80 
references.  These  references  were  reviewed  to  determine 
the  applicability  of  existing  models  to  the  proposed  flow¬ 
meter  performance  model.  The  literature  survey  was  divided 
into  theoretical  papers  aoout  turbine  flowmeters  or  turbo¬ 
machinery  elfects  and  experimental  papers  dealing  with 
effects  that  can  best  be  represented  empirically.  The 
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following  sections  summarize  some  of  the  important  points 
made  in  the  key  references  listed  at  the  end  of  the  report. 

A.  Review  of  Previous  Theoretical  Models 

Theoretical  models  of  turbine  meters  are  generally  based 

on  either  the  momentum  approach  or  the  airfoil  approach. 

proper  application  of  the  momentum  approach  requires  complete 

fluid  guidance;  i.e.,  all  fluid  particles  crossing  the  plane 

of  the  leading  edges  of  the  blades  are  given  the  same  change 

in  angular  momentum  (at  a  given  radius)  as  thoBe  particles 

adjacent  to  the  blade.  The  driving  torque  is  then  expressed 

as  a  function  of  the  change  in  angular  momentum  of  the  fluid. 

In  the  airfoil  approach,  the  forces  exerted  by  the  fluid 

on  a  differential-area  element  of  the  blade  are  integrated 

over  the  blade  length  to  obtain  the  driving  torque. 

The  application  of  momentum  and  airfoil  theory  can  vary 

with  the  investigator,  depending  upon  the  effect  he  is 

trying  to  demonstrate.  The  paper  by  Lee  and  Evans^  and 

2 

the  paper  of  Rubin,  Miller  and  Fox  are  typical  examples 
of  the  different  techniques  that  are  employed  to  describe 
the  same  basic  device.  Reference  1  considers  first  an  ideal 
fluid  at  a  given  flow  rate  which  defines  an  ideal  nonslip 
rotor  speed  .  When  considering  a  real  meter  with 
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retarding  torques,  the  rotor  will  turn  at  a  speed  which 

differs  from  the  ideal  speed  by  an  amount  Au:  called  the 
rotor  slip.  The  dimensionless  ratio  is  formed,  which 

is  called  the  fractional  rotor  slip.  The  influences  of 
fluid-retarding  torques  and  nonmagnetic  drag  are  then 
illustrated  in  terms  of  the  fractional  rotor  slip.  This 
treatment  has  been  referred  to  as  the  "coefficient  approach," 
m  that  each  effect  can  be  demonstrated  in  terms  of  the 
same  parameter;  i.e.,  as  some  type  of  coefficient  to  the 
ideal  speed. 

In  considering  this  approach,  it  became  apparent  that  it 
is  not  possible  to  examine  a  given  effect  independent  of  all 
others,  because  of  the  complex  interrelationship  of  terms. 

For  example,  in  considering  meter  dimensional  effects  due 
to  temperature,  the  resultant  geometry  change  leads  to  a 
change  ir.  the  fluid  velocity  profile  which  combines  with 
the  change  in  fluid  properties  to  affect  the  rotor  torque. 

Reference  2  considers  both  the  momentum  and  airfoil 
approach,  but  chooses  to  deal  directly  with  the  torque 
equations  which  are  non-dimensionaiized  by  a  normalizing 
torque.  presentation  of  the  data  is  made  in  terms  of  a 
slip  parameter  which  is  the  ratio  of  the  tangent  of  the 
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effective  angle  of  attack  to  the  tangent  of  the  blade  stagger 
angle.  Unfortunately,  the  two  slip  parameters  of  References  1 
and  2  cannot  be  directly  compared,  since  Reference  2  assumes 
that  the  direction  of  the  leaving  velocity  is  parallel  to  the 
blade.  The  paper  was  restricted  to  a  theoretical  model  of 
driving  torques  and  did  not  consider  bearing  drag  and  other 
retarding  torques.  Also,  a  constant  lift  coefficient  was 
assumed,  independent  of  the  number  of  blades  and  the  rotor 
space/chord  ratio  variation  with  radius.  A  more  detailed 
discussion  of  the  important  analytical  problem  areas  examined 
in  the  literature  survey  is  given  in  the  following  paragraphs: 
1 ,  Blade  interference  Effects 

Application  of  the  momentum  or  airfoil  theory 
depends  upon  the  type  of  meter  design.  For  turbine 
meteis  with  a  small  number  of  blades,  full  guidance  of 
the  fluid  is  not  insured,  and  a  theoretical  model  based 
on  the  airfoil  approach  is  considered  more  suitable. 
However,  if  the  airfoil  approach  is  applied  to  rotor 
designs  with  an  increasing  number  of  blades,  the  point 
must  be  reached  where  the  airfoil  and  momentum  approaches 
merge  to  give  the  same  results.  Reference  2  compares 
these  approaches  and  attempts  to  show  the  importance 
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of  the  solidity  parameter  and  its  relationship  to  slip, 
in  order  to  indicate  the  operating  regimes  in  which  the 
momentum  and  airfoil  analyses  give  similar  results  and 
where  they  differ. 

Although  the  approach  of  Reference  1  is  satisfactory 
for  the  assumptions  stated,  it  cannot  be  directly  applied 
in  the  present  analysis  because  of  the  restrictive 
assumptions  of  uniform  velocity  profile  and  no  considera¬ 
tion  of  blade  interference  effects. 

If  isolated  airfoil  blade  theory  is  applied  to  a 
multiule-bladed  rotor,  the  analysis  suggests  that 
doubling  the  number  of  blades  or  blade  area  would  give 
twice  as  much  torque  without  limit.  Obviously,  there 
.st  be  an  upper  limit  at  which  blade  interference 
starts  affecting  the  lift  coefficient  used  in  the 
calculation. 

Because  pievious  analyses  have  not  treated  this 
problem  in  any  detail,  very  little  is  available  in 
the  flowmeter  literature  to  contribute  to  its  analysis. 
The  problem  can  be  approached  in  either  of  two  ways: 
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(a)  The  first  is  based  on  the  use  of  experimental 
data  generated  as  part  of  wind  tunnel  experiments 
on  cascades.  This  approach  is  used  by  Jepson,^ 
who  modifies  the  isolated  airfoil  and  drag  co¬ 
efficients  to  account  for  the  "cascade  effect." 

Reference  3  suggests  that  C^/C^  fid  Cd/Cdi 

depend  only  on  the  space/chord  ratio  and  are 

independent  of  the  angle  of  incidence  over  the 

range  0°  to  20°  and  within  "reasonable  accuracies" 

up  to  incidences  of  45°.  Therefore,  knowing  the 

space/chord  ratio  from  the  rotor  dimensions,  and 

the  isolaced  airfoil  lift  and  drag  coefficients, 

the  curves  of  C  /C  and  C  /C  can  be  used  to 
L  Li  d  di 

obtain  the  actual  lift  and  drag  coefficients. 

The  major  limitation  in  using  experimental 
data  of  this  type  is  that  the  data  were  obtained 
using  a  particular  blade  shape  and  aspect  ratio, 
and  the  meter  blades  should  be  of  a  similar  design 
to  correctly  use  the  curves.  The  test  conditions 
for  the  curves  in  Reference  3  are  not  specified, 
and  the  importance  of  matching  geometries  is  not 
discussed. 
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(b)  An  alternate  approach  to  the  problem,  which 
was  used  in  the  present  analytical  model,  is  the 
application  of  potential  theory  to  incompressible 
inviscid  two-dimensional  cascade  flow.  Straight 
cascade  theory  can  be  applied  properly  to  study 
blade  interference  effects  in  an  actual  rotor  where 
the  blades  diverge  because  the  lift  coefficient  C 

L 

and  the  space- to-chord  ratio  s/c  are  calculated  at 
a  given  radius  and  vary  continuously  with  r,  and 
are  in  this  fashion  integrated  into  the  driving 
torque  expressions.  Since  most  turbine  theoretical 
models  use  straight-line  blade  profiles,  a  potential 
flow  analysis  requiring  straight  blades  is  not  a 
severe  restriction.  An  analysis  similar  to  the 
type  used  is  given  in  Reference  4. 

Treatment  of  the  problem  requires  the  conformal 
mapping  of  the  exterior  of  a  cascade  of  straight  line 
profiles  into  the  exterior  of  a  circle.  A  mor<- 
detailed  description  of  the  use  of  cascade  theory 
in  the  present  model  is  found  in  Section  IV  of  ihis 
report,  which  gives  a  technical  description  of  the 
model. 
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!.  Boundary  Layer  and  Wake  Effects 

Our  discussion  in  the  previous  paragraphs  concerned 
incompressible  inviscid  two-dimensional  flow  and 
therefore  aid  not  deal  with  the  effects  of  boundary 
layers  and  wakes.  For  a  single  profile  having  a 
relatively  small  lift,  the  influence  of  the  boundary 
layer  on  the  pressure  distribution  is  generally  dis¬ 
regarded.  However,  for  flow  through  cascades  of  high 
solidity,  the  boundary  layer  becomes  important  because 
in  some  cases,  its  displacement  of  the  external  flow 
cannot  be  neglected.  The  problem  is  complicated  by 
the  fact  that  some  knowledge  of  the  pressure  distri¬ 
bution  over  the  profile  surface  must  be  known  to 
properly  apply  boundary  layer  theory. 

Boundary  layers  are  also  responsible  for  generating  j 

secondary  flows  when  blades  of  finite  length  are  con-  j 

sidered.  Boundary  layers  at  the  blade  ends  near  the 
hub  and  tip,  combined  with  pressure  gradients  caused 

by  turning  the  stream,  generate  secondary  flows  toward  i 

the  blade  ends  on  the  lower  blade  surface  and  away  from 

the  ends  on  the  upper  surface.  In  addition,  immediately  j 

downstream  of  the  surface  of  the  blade,  there  is  a 
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surface  of  discontinuity  of  velocity,  equivalent  to 
a  vortex  sheet.  From  finite  wing  theory,  this  vortex 
sheet  is  unstable  and  rolls  up  into  two  trailing 
vortices  which  interact  with  the  wall  boundary  layers. 

It  must  be  remembered  that  most  of  the  literature 
dealing  with  boundary  layer  and  secondary  flow  effects 
in  cascades  is  concerned  with  axial  flow  compressor 
and  turbine  design,  where  the  flow  is  turned  through 
large  angles  and  the  pressure  difference  across  the 
blade  row  is  high.  Also,  boundary  layers  from  previous 
stages  contribute  significantly  to  the  secondary  flow 
problem.  If,  however,  the  pressure  gradient  across  the 
blade  is  small,  the  boundary  layer  analysis  can  be 
simplified  by  assuming  zero  pressure  gradient.  Commonly, 
the  boundary  layer  thickness  on  turbine  blading  remains 
very  small  over  the  whole  length,  owing  to  the  fact  that 
a  decrease  in  pressure  predominates.  Again,  this  remark 
applies  more  to  turbomachinery  with  large  pressure 
differences,  but  the  fact  remains  that  a  favorable 
pressure  grcdient  will  tend  to  minimize  boundary  layer 
spreading. 
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Preliminary  calculations  of  blade  boundary  layer 
thicknesses  for  a  typical  turbine  flowmeter  are  described 
in  Section  IV.  These  calculations  indicate  that  the 
trailing  edge  boundary  layer  thickness  is  very  small 
in  proportion  to  the  blade  spacing,  and  the  pressure 
gradient  a^ong  the  blade  will  be  small,  which  is  known 
to  be  the  case  experimentally. 

Any  attempt  at  an  analytical  description  of  secon¬ 
dary  flows  and  three-dimensional  effects  was  considered 
completely  beyond  the  scope  of  this  study.  Very  little 
exists  in  the  literature  describing  these  effects. 

Meter  manufacturers  have  not  conducted  flow  visualization 
tests,  and  they  did  not  have  any  data  to  indicate  that 
these  effects  were  worth  pursuing. 

3 .  Blade  Shape  Effects 

In  addition  to  the  space/chord  ratio,  angle  of 
attack,  and  trailing  edge  thickness,  other  meter  geo¬ 
metry  parameters  must  be  discussed  in  turns  of  the 
analytical  model.  Previous  theoretical  treatments 
assumed  a  helical  blade  shape,  because  it  simplified 
the  geometry  of  the  problem.  Since  the  power  require¬ 
ments  to  drive  the  rotor  are  small,  however,  the  fluid 
is  deflected  very  little  in  passing  the  blade,  and  the 
flat  plate  represents  a  satisfactory  geometry.  Because 
of  the  similarity  of  the  velocity  triangle  and  the  geo¬ 
metric  triangle  for  a  helix,  a  helical  blade  will 
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theoretically  present  to  the  fluid  a  flat  plate  geo¬ 
metry  at  a  constant  angle  over  the  total  blade  height. 
Actually  this  is  only  true  for  the  average  velocity, 
since  the  lower  velocities  at  the  meter  walls  do  not 
satisfy  this  condition.  Helical  blades  are  used  in 
the  performance  model  with  the  option  of  specifying 
a  flat  blade  geometry. 

4 .  Meter  Dimensional  Effects 

The  discussions  in  the  previous  sections  have  been 
concerned  primarily  with  the  geometry  of  the  rotor  blading 
and  its  effect  on  meter  performance.  Other  meter  dimen¬ 
sional  effects  include  changes  in  the  meter  body  because 
of  temperature  effects,  unmetered  volume  flow  through 
the  annular  blade  tip  clearance  area  because  of  manu¬ 
facturing  tolerances,  and  boundary  layer  displacement 
thickness  effects  caused  by  boundary  layer  formation 
on  the  meter  walls. 

Calibration  of  turbine  flowmeters  for  cryogenic 
operation  has  been  examined  by  Grey5'6.  From  this 
analysis,  small  changes  in  rotor  speed  at  constant  volu¬ 
metric  flow  rate  become: 

Au'  _  _  Ar  ^  +  A  (tan  )  _  A  r 

u.-  (Ah  -  Ar)  tan  ^  r 

It  can  be  shown^  that  for  isotropic  materials,  this  becomes 
— =  -3  where  A  T  is  the  temperature  difference 

between  the  operating  temperature  and  the  calibration 
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temperature.  These  expressions  were  derived  for  zero 

blade  clearance.  Staniszlo  and  Krause  (Reference  7, 

Appendix  B)  have  expanded  the  analysis  of  Grey  to 

include  the  unmetered  volume  flow  that  passes  through 

the  annular  blade- tip  clearance  area.  The  expression 

for  thus  contains  additional  terms  that  are  functions 

w 

of  the  velocity  of  the  fluid  through  the  blade  tip 
clearance  area.  Calculated  results  are  given  in 
Reference  7,  but  the  importance  of  the  additional  terms 
is  not  discussed.  Although  this  analysis  is  more 
generalized,  it  still  has  limitations  in  that  it  assumes 
that  rotor  retarding  torques  do  not  exist  and  that  blade 
blockage  is  zero. 

Minkin,  Hobart  and  Warshawsky  (Reference  8)  have 
theoretically  predicted  meter  calibration  factors  based 
on  thermal  expansion  alone  and  with  the  blade  tip 
clearance  and  boundary  layer  effects  included  in  the 
analysis  of  Reference  7  above.  Reference  8  implies  that 
a  difference  of  0.3%  exists  due  to  the  added  terms  for 
liquid  hydrogen.  A  portion  cf  this  correction  is  due  to 
the  different  coefficients  of  thermal  expansion  of  the 
rotor  hub  and  meter  body,  and  the  remainder  is  due  to 
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the  inclusion  of  blade  leakage  in  the  analysis.  A 
discussion  of  the  magnitude  of  these  terms  is  found 
in  Section  IV  of  this  report. 

5 .  Meter  Dynamic  Effects 

The  bearing  design  and  description  is  one  of  the 
major  aspects  of  a  model  of  the  meter  dynamic  effects. 

In  a  Rocketdyne  report  by  R.  L.  Smith  (Reference  9), 
an  attempt  is  made  to  expand  on  the  work  of  Rubin, 

Miller  and  Fox  to  include  the  bearing  drag  and  friction 
terms  to  complete  the  model.  The  driving  torque  model 
was  taken  directly  from  Reference  2.  The  resulting 
equation  for  bearing  drag  is  very  complex  and  difficult 
to  evaluate  analytically.  The  expression  was  so 
cumbersome  that  Smith  was  forced  to  resort  to  determining 
the  proper  proportionalities  with  undetermined  constants 
that  hopefully  could  be  obtained  experimentally. 

The  analysis  nt  Reference  9  is  an  indication  of  how 
rapidly  the  model  becomes  complicated  when  the  bearing 
drag  terms  are  included.  Reference  9  does  consider 
fluid  and  magnetic  drag  in  an  approximate  manner.  A 
complete  model  should  include  fluid  drag  on  the  hub  and 
fluid  drag  between  the  blade  tip  and  the  housing.  The 


21 


importance  of  these  effects  is  discussed  in  the  model 
description  section  of  this  report. 

B.  Discussion  of  Empirically  Represented  Effects 

A  portion  of  the  literature  search  concerned  meter 
characteristics  that  could  only  be  described  with  empirical 
expressions.  It  was  hoped  that  n  thorough  search  of  the 
literature  would  produce  information  on  empirical  factors 
used  by  commercial  turbine  meter  manufacturers  or  sufficient 
test  data  to  deduce  these  factors.  Unfortunately,  very  little 
information  is  available,  and  even  that  is  generally  restricted 
to  qualitative  remarks  or  limited  test  data  that  cannot  be 
correlated  with  any  degree  of  success. 

1 .  Meter  Installation  Effects 

The  effects  of  upstream  geometry  and  swirl  on  meter 
operation  is  generally  removed  in  the  test  installation 
with  flow  straighteners  or  sufficiently  long  approaches. 
Zanker,  in  Reference  10,  describes  in  considerable  detail 
the  development  of  a  flow  straightener  for  use  with  an 
orifice-plate  flowmeter  in  disturbed  flows.  Although 
sensitivity  of  turbine  meters  to  flow  disturbances  may¬ 
be  completely  different  than  orifice  plates,  the  paper 
does  contain  an  interesting  discussion  of  factors  involved 
in  designing  an  effective  flow  straightener. 
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Inlet  disturbances  were  produced  by  partially 
blocking  the  flow,  by  a  rotating  perforated 
plate,  and  a  rotating  impeller.  Velocity  dis¬ 
tributions  were  measured  and  the  effect  of  gauze, 
honeycomb,  and  combination  straighteners  on 
settling  length  were  recorded.  Although  this 
report  is  quite  detailed  in  its  treatment  of 
artificially  generated  disturbances,  very  little 
is  devoted  to  the  velocity  profiles  of  naturally 
generated  disturbances.  Also,  the  effectiveness 
of  the  straightener  is  evaluated  in  terms  of  the 
error  in  the  discharge  coefficient  for  an  orifice 
plate  which  bears  no  known  relationship  to  error 
in  turbine  meter  registration. 

In  Reference  11  by  West,  the  effects  of  "non¬ 
standard"  installations  are  discussed  in  a  similar 
fashion.  West  considers  the  flow  around  a  bend 
and  the  observed  bend  loss  coefficients.  He  em¬ 
phasizes  the  fact  that  the  velocity  distribution 
before  the  bend  and  the  appropriate  Reynolds  num¬ 
ber  range  must  be  considered  carefully  because 
tests  on  a  particular  bend  and  pipe  arrangement  are 
only  applicable  to  that  arrangement,  since  the  para 
meters  listed  above  have  a  direct  influence  on  the 
results.  Velocity  profiles  at  different  diameters 
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downstream  of  the  bend  are  given  for  different 
radius  bends  and  a  given  inlet  velocity  condition. 

It  would  be  nearly  impossible  to  catalog  a  com¬ 
plete  flow  range,  since  the  profiles  are  quite 
asymmetric  and  adequate  empirical  expressions  do 
not  exist. 

2 .  Meter  Vibration  and  Transient  Effects 

The  literature  was  consulted  briefly  to  de¬ 
termine  if  any  meter  vibration  and  transient  effects 
could  be  simulated  simply  with  empirical  expressions. 
Vibration  due  to  rotor  unbalance  is  a  very  involved 
subject  and  the  complexity  of  expressions  describ¬ 
ing  this  phenomenon  makes  their  use  in  the  model 
impractical.  This  effect  is  a  function  of  the  par¬ 
ticular  meter  design  and  cannot  be  generally  described. 
Meter  manufacturers  statically  and  dynamically  balance 
turbine  rotors  and  carefully  control  bearing  clearances 
to  avoid  internally  generated  vibration. 

The  effect  of  external  vibration  on  turbine  flow¬ 
meter  performance  is  discussed  in  a  very  limited 
fashion  in  most  references.  An  exception  is  a  Potter 
Aeronautical  qualification  test  report  on  their  Model 
1-5851,  1.5  to  25  gpm  turbine  flowmeter  which  was 
mounted  on  a  vibration  machine  and  tested  at  NASA-MSFC 
(Reference  12) .  Details  of  the  test  sequence  and 
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discussion  of  the  test  data  are  presented  in  Section  V. 

3 .  Orientation  and  Acceleration  Effects 

In  addition  to  the  influence  of  upstream  geometry 
previously  mentioned,  the  installation  of  a  flowmeter 
is  also  important  in  terms  of  orientation  and  gravity 
loading.  Very  little  could  be  found  on  meter  orientation 
except  in  References  13,  8  and  12.  Smith  (Reference  13) 
discusses  the  effect  of  acceleration  on  the  accuracy  of 
both  high  and  low  frequency  one-inch  Potter  flowmeters. 

The  high  frequency  model  is  unaffected  up  to  20  g,  but 
the  low  frequency  model  gives  10%  or  more  error  at  20  g 
for  the  low  flow  rates  where  it  is  most  sensitive.  The 
data  in  Reference  13  are  limited,  and  no  comparisons 
are  made  with  other  meters,  so  no  conclusions  can  be 
drawn. 

Similar  acceleration  tests  on  Poster  meters  are 
described  in  Reference  12.  A  Potter  Model  1-5851  was 
placed  on  a  centrifuge  and  accelerated  to  10  g's  while 
maintaining  a  constant  flow  of  1.68  gpm.  Post-acceleration 
calibrations  indicated  a  "K"  factor  shift  of  no  more 
than  0.08%. 
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4. 


Pulsating  Flow  Effects 


Errors  in  attempting  to  measure  pulsating  flow  are 
described  in  References  14  and  15.  Reference  14  uses  a 
control  system  approach  to  determine  the  response  of  the 
meter  to  a  step  disturbance  tA  Vo .  This  analysis  indicates 
that  a  pulsation  intensity  of  0.25  can  lead  to  a  meter 
error  of  3%.  However,  this  is  a  rather  severe  pulsation 
intensity.  (The  analysis  is  based  on  a  fixed  blade 
angle  of  45''  to  simplify  expressions,  so  the  effect  on 
other  blade  angles  is  not  illustrated.)  Reference  15 
recommends  a  practical  pulsation  intensity  threshold 
of  0.1,  below  which  the  performance  of  all  types  of 
flowmeters  will  differ  negligibly  from  the  mathematical 
ideal  of  steady  flow.  A  majority  of  the  meter  manu¬ 
facturers  consulted  believed  that  pulsating  flow  was 
not  that  commonly  encountered  and  that  errors  were 
usually  small. 

5 .  Test  Procedures  and  Calibration  Facilities 

The  remainder  of  the  literature  survey  was  devoted 
to  a  review  of  papers  dealing  with  test  procedures  and 
calibration  facilities  in  Government  and  private  industry. 
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References  7  and  8  are  two  very  recent  and  enlighten¬ 
ing  reports  on  the  calibration  and  use  of  turbine  type 
flowmeters  for  liquid  hydrogen  service.  Reference  7  is 
concerned  wi th  the  simulation  of  liquid  hydrogen  turbine 
flowmeter  calibrations  by  using  high  pressure  nitrogen 
gas.  it  emphasizes  that  for  proper  simulation  the 
kinematic  viscosities  should  be  the  same  to  insure  that  the 
Reynolds  numbeis  of  the  flow  through  the  meter  will  be 
equal  for  a  given  flow  velocity,  and  that  the  densities 
of  the  fluids  should  be  the  same  so  that  the  torque- 
retarding  force  balance  on  the  meter  is  the  same  for 
both  fluids  at  a  given  fluid  velocity.  (Naturally,  it 
is  difficult  or  nearly  impossible  to  find  simulation 
fluids  that  satisfy  both  requirements,  but  ambient 
temperature  nitrogen  at  approximately  60  atmospheres 
comes  close  to  liquid  hydrogen.) 

Reference  7  also  suggests  that  for  complete 
simulation  the  fluids  should  have  the  same  temperature, 
to  ensure  that  dimensional  changes  are  the  same  and 
that  bearing  surface  conditions  should  be  the  same  in 
both  fluids.  These  two  factors  were  not  simulated,  and 
it  is  probably  quite  idealistic  to  hope  that  a 
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simulation  fluid  could  meet  these  requirements  as  well 
as  the  first  two.  The  tests  did  demonstrate,  however, 
that  the  liquid  hydrogen  calibration  factor  at  full- 
scale  can  be  simulated  with  nitrogen  to  0.4%. 

Reference  8  contains  an  easily-read  description  of 
a  typical  calibration  test  program,  data  reduction, 
and  data  presentation.  The  report  summarizes  calibration 
terminology,  testing  procedure,  criteria  for  defective 
meters,  calibration  system  reproducibility,  and  the 
effect  of  use,  upstream  conditions,  and  meter  orientation 
on  calibration  factors.  The  last  two  items  were  of 
particular  interest,  since  it  was  desirable  to  include 
these  as  empirical  effects  in  the  analysis.  Unfortunately, 
the  results  were  very  closely  related  to  meter  type 
(and  manufacturer),  being  negligible  for  one  design 
and  significant  for  another.  Since  the  testing  was 
conducted  by  NASA,  the  meters  were  not  identified  as 
to  model  type  or  manufacturer,  and  therefore  the  data 
are  of  little  general  value.  NASA  representatives  were 
contacted  about  releasing  the  names  of  the  meter 
manufacturers,  but  they  regret  that  this  is  not  possible. 
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Accumulated  experience  during  the  NASA  test  program 
revealed  that  a  defective  meter  implied  defective 
bearings  which  could  be  detected  quite  easily  with  the 
following  crude  test:  blow  dry  air  gently  into  the 
meter  and  then  observe  how  the  rotor  decelerates 
smoothly,  finally  oscillating  with  decreasing  amplitude 
about  the  rest  point  because  of  the  magnetic  coupling 
between  the  blade  and  the  pickup  coil.  Failure  to 
oscillate  is  generally  indicative  of  a  defective 
bearing. 

References  16  to  20  are  typical  of  the  papers 
concerned  with  the  current  application  of  turbine  type 
meters,  particularly  in  the  aerospace  industry. 

Reference  16  is  a  very  good  discussion  of  calibration 
techniques  for  non-cryogenic  liquid  flowmeters,  con¬ 
cerning  the  selection  and  calibration  of  instrumentation, 
types  of  weighing  procedures,  and  evaluation  of  equipment. 
This  paper  documents  some  of  the  pitfalls  in  calibrating 
liquid  flowmeters  for  those  not  too  familiar  with  the 
procedure . 

In  the  last  ten  years,  a  considerable  effort  has 
been  expended  in  private  industry  to  establish  the 
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much  more  complex  cryogenic  flow  calibration  facilities. 
Because  of  the  nature  of  the  fluid,  the  approach  to  the 
storage  and  measurement  of  the  fluid  is  quite  different 
than  for  ambient  temperature  hydrocarbons.  Temperature 
compensation  becomes  important,  and  the  often  nonlinear 
operation  of  the  meter  requires  accurate  calibration. 

The  facilities  at  Pratt  and  Whitney,  West  Palm  Beach, 
Florida;  NASA's  Lewis  Research  Center,  Cleveland,  Ohio; 
Aerojet-General,  Sacramento,  California;  and  NBS, 
Boulder,  Colorado,  are  described  in  References  17,  IB, 
19,  and  20  respectively. 
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IV.  ANALYSIS  OF  TURBINE  FLOWMETER  PERFORMANCE  MODEL 


The  primary  purpose  of  the  study  was  to  develop  a 
throretical  model  of  turbine  flowmeter  performance  that 
would  allow  the  study  of  various  geometry  and  fluid  effects 
without  the  limiting  restrictions  of  other  models.  Analysis 
of  the  rotor  driving  torque  is  based  on  the  airfoil  approach, 
which  is  valid  for  rotors  with  a  few  number  of  blades  or 
wide  spacing.  For  increased  blade  numbers  and  narrower 
spacing,  blade  interference  effects  are  accounted  for  in  a 
reduced  blade  lift  coefficient,  which  is  described  generally 
in  terms  of  the  variation  of  the  blade  stagger  angle  and 
space/chord  ratio  with  rotor  radius. 

The  rotor  driving  torque  is  derived  for  an  element  of 
blade  area  with  thickness  dr  at  a  radius  r.  The  total 
driving  torque  is  obtained  by  numerically  integrating  from 
the  blade  root  to  the  tip.  This  eliminates  the  need  to 
define  a  mean  effective  radius  through  which  the  blade 
forces  act.  The  geometry,  velocity,  density,  and  lift  and 
drag  coefficients  are  expressed  generally  as  functions  of 
r  and  included  in  the  integration.  Blade  interference 
effects  and  the  general  expression  of  all  rotor  driving 
torque  parameters  as  functions  of  radius  have  not  been 
included  in  previous  models.  Also,  the  model  is  valid 
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for  both  helical  and  flat-bladed  rotors  of  constant  rotor 
width  and  blade  thickness. 

Since  the  rotor  driving  torque  is  directly  dependent 
upon  the  fluid  velocity,  it  is  important  to  have  a  com¬ 
pletely  general  and  well  defined  expression  for  the  velo¬ 
city  profile,  as  opposed  to  the  effective  average  velocity 
used  in  previous  models.  This  is  accomplished  through  the 
use  of  a  velocity  subroutine  that  predicts  the  velocity 
profile  for  turbulent  flow  through  an  annulus.  The  analysis 
is  based  upon  Reichardt's  expression  for  eddy  diffusivity 
of  momentum  and  parallels  the  analysis  of  turbulent  flow 
in  a  circular  pipe.  To  study  the  importance  of  velocity 
profile,  provision  was  also  made  to  specify  the  velocity 
profile,  forcing  the  program  to  use  this  contour  in  the 
torque  integration.  In  this  way  one  can  specify  a  uniform 
or  flat  velocity  profile,  the  fully  developed  pipe  velocity 
profile,  or  an  actual  velocity  profile  obtained  experi¬ 
mentally  . 

The  approach  velocity  is  used  with  the  rotor  geometry 
and  speed  to  define  the  irlet  velocity  vector  diagram. 

The  departure  velocity  and  angle  are  related  through  the 
blade  geometry  to  the  inlet  conditions.  Following  the 
practice  accepted  in  turbomachinery  analysis,  the  lift  and 
drag  coefficients  are  defined  in  terms  of  the  velocity  at 
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an  angle  which  is  the  average  of  the  inlet  and  outlet 
angles.  Some  previous  models  assumed  that  the  flow 
departure  angle  was  the  same  as  the  blade  angle. 

Counteracting  the  fluid  driving  torque  will  be 
several  fluid  drags  as  well  as  mechanical  and  electrical 
retarding  torques.  Fluid  drag  past  the  rotor  blades  has 
a  component  which  opposes  the  driving  torque.  As  was  the 
case  with  the  driving  torque  expression,  the  geometry, 
velocity  and  drag  coefficient  are  radius  dependent. 
(Capability  for  radius-dependent  fluid  property  vari¬ 
ations  is  available,  but  it  is  not  likely  that  this 
effect  will  need  to  be  included.)  A  similar  fluid  drag 
has  been  included  at  the  rotor  hub.  The  program  also 
accounts  for  blade  tip  clearance  drag  at  the  meter  housing. 
The  analysis  is  similar  to  that  used  to  determine  retard¬ 
ing  torques  for  lightly  loaded  journal  bearings. 

Because  of  the  flexibility  of  the  program,  meter 
dimensional  effects  can  be  readily  determined.  The  ap¬ 
propriate  meter  geometry  is  expressed  as  a  function  of 
temperature  through  the  definition  of  a  reference  state 
and  the  coefficient  of  thermal  expansion  for  the  material. 
In  this  way,  the  use  of  different  materials  for  the  rotor 
and  meter  body  can  be  accounted  for.  By  directly  entering 
all  of  the  geometry  into  the  numerical  integration  rou¬ 
tine,  all  meter  dimensional  effects,  including  manufac- 
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turing  tolerances,  can  be  accounted  for  with  several  test 
cases.  In  this  way,  expressing  the  rotor  speed  change 
directly  in  coefficient  form  as  in  previous  analyses 
can  be  avoided  and  the  reflection  of  the  geometry  change 
in  small  changes  in  velocity  profile,  limits  of  integra¬ 
tion,  etc.,  can  be  directly  included. 

Most  of  the  analysis  of  retarding  torques  was  focused 
on  the  determination  of  bearing  drag.  Provisions  are  made 
in  the  program  for  the  use  of  either  ball  bearing  designs 
or  journal  bearings.  Recent  ball  bearing  literature  was 
reviewed,  but  no  running  torque  calculation  routine  was 
found  that  would  give  accurate  predictions  while  avoiding 
the  complex  computer  solution  of  Jones  21  or  Scibbe  and 
Anderson22.  Although  these  computation  routines  could  be 
incorporated  in  the  torque  analysis  as  a  subroutine,  this 
approach  was  not  followed  because  it  would  require  the 
performance  model  user  to  have  a  very  detailed  knowledge 
of  the  bearing  design,  including  the  pitch  diameter,  race 
curvatures,  initial  contact  angle,  etc.  It  was  concluded 
that  this  information  would  probably  not  be  readily  avail¬ 
able  tc  the  user,  who  might  also  be  unfamiliar  with  the 
terminology.  For  these  reasons,  it  was  more  practical  to 
obtain  the  running  torque  from  curves  of  tarque  vs  speed 
and  load  entered  directly  into  the  program  for  the  partic¬ 
ular  bearing  nd  fluid  combination  associated  with  the 
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meter  bci.no  tested.  These  curves  or  tables  are  obtained 
by  direct  measurement  or  from  analytical  predictions  made 
by  bearing  manufacturers  familiar  with  design  details. 

In  this  fashion,  lubricity  effects  will  be  incorporated 
as  directly  measured  for  a  bearing  design,  and  uncertain 
analytical  predictions  can  be  avoided. 

The  bearing  thrust  load,  which  determines  bearing 
drag,  is  composed  partially  of  the  axial  components  of 
the  driving  force  and  the  fluid  drag  on  the  rotor  blades 
and  hub.  Blade  flow  blockage  and  acceleration  loadings 
also  contribute  to  the  bearing  thrust  load.  The  bearing 
thrust  load  is  integrated  over  the  blade  length  in  the 
same  manner  as  the  driving  torque.  The  total  thrust  load 
is  then  used  to  specify  the  bearing  torque  at  the  given 
speed . 

Because  some  meter  designs  employ  journal  bearings, 
a  retarding  torque  analysis  was  made  of  a  simple  journal 
bearing.  These  bearings  are  lightly  loaded,  so  the 
effect:  of  radial  loading  on  drag  was  not  included.  The 
analysis  was  included  primarily  to  account  for  the  Potter 
designs,  which  have  a  "floating"  hub,  and  therefore 
thrust  loadings  were  also  not  included. 

Finally,  as  part  of  the  study  of  turbine  rotor  re¬ 
tarding  torques,  the  drag  contributions  due  to  typical 
magnetic  and  RF  pickups  were  determined.  The  primary 


35 


objective  was  to  determine  generally  the  order  of  magni¬ 
tude  of  these  retarding  torques  in  comparison  with  the 
bearing  drag  and  other  fluid  drags.  The  RF  pickup  had 
virtually  no  effect  on  the  turbine  rotor;  however,  the 
magnetic  pickup  exerts  a  retarding  torque,  which  was  in¬ 
cluded  in  the  overall  rotor  torque  balance  equation. 

The  previous  paragraphs  have  described  briefly  the 
features  of  the  program  and  the  various  components  of 
the  rotor  torque  balance  equation.  The  actual  rotor 
speed  is  determined  by  assuming  a  given  rotor  speed,  cal¬ 
culating  the  magnitude  of  the  driving  and  retarding  tor¬ 
ques  for  that  speed,  and  then  iterating  on  the  rotor 
speed  until  the  sum  of  the  torques  equals  zero.  Thus, 
the  actual  rotor  speed  will  correspond  to  the  condition: 

Driving  torques  -  blade  fluid  drag  torques  - 
rotor  hub  fluid  drag  torque  -  blade  tip 
clearance  drag  torque  -  bearing  drag  -  bearing 
retarding  torques  -  magnetic  pickup  retarding 
torque  =  0 . 

A  more  detailed  description  of  these  terms  and  the 
development  of  the  theoretical  model  to  include  these 
effects  is  given  in  the  following  paragraphs. 
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A.  Blade  Interference  Effects 


A  portion  of  the  literature  surveyed  and  the  dis¬ 
cussion  of  the  previous  section  dealt  with  blade  inter¬ 
ference  effects  and  the  importance  of  space-to-chord 
ratio  or  other  solidity  parameters  on  lift  and  driving 
torque.  The  general  conclusion  to  be  drawn  from  these 
remarks  was  that  a  variable  lift  coefficient  must  be 
included  in  a  driving  torque  analysis.  This  analysis 
should  also  accommodate  a  departing  flow  angle  different 
from  the  blade  angle.  The  analysis  outlined  in  this 
section  is  based  on  the  application  of  potential  theory 
to  incompressible  inviscid  two-dimensional  cascade  flow 
to  include  these  effects.  The  cascade  or  rotor  geometry 
defining  the  nomenclature  used  is  shown  in  Figure  1. 
Straight  cascade  theory  can  be  applied  properly  to  study 
blade  interference  effects  in  an  actual  rotor  where  the 
blades  diverge,  because  the  lift  coefficient  Cl  and  the 
space-to-chord  ratio  s/c  are  calculated  at  a  given  radius 
and  vary  continuously  with  r,  and  are  in  this  fashion 
integrated  into  the  driving  torque  expressions.  Since 
most  turbine  theoretical  models  use  straight-line  blade 
profiles,  a  potential  flow  analysis  requiring  straight 
blades  is  not  a  severe  restriction.  The  analysis  is  sim¬ 
ilar  to  that  given  in  Reference  4. 
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Treatment  of  the  problem  requires  the  conformal  mapping 
of  the  exterior  of  a  cascade  of  straight-line  profiles  into 
the  exterior  of  a  circle.  Any  strip  of  the  cascade  located 
in  the  z  plane  can  be  mapped  conformally  into  the  inside  or 
the  outside  of  a  circle  in  the  £  plane.  The  origin  and  goal 
of  the  cascade  flow  are  transformed  into  a  vortex  source  and 
sink  in  the  £  plane  at  the  points  -R  and  +R  respectively  on 
the  real  axis.  Since  our  main  interest  is  the  effect  of 
spacing  on  the  lift  coefficient  for  flow  through  the  cascade 
with  an  angle  of  attack,  the  complex  potential  may  be  consid¬ 
ered  as  the  superposition  of  a  .flow  parallel  to  the  straight 
line  profile  as  mentioned  above  plus  a  free  flow  velocity 
normal  to  the  profiles,  which  gives  additional  vortices  at 
- R  and  ±1/R  as  functions  of  the  circulation. 
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Fig.  l.  Oonformal  mapping  of  t  straight-line  profile  cascade 

on  the  unit  circle  with  symmetrically  located  singularities. 
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The  key  parameters  in  the  solution  are  the  blade  angle 
relative  to  the  hub  axis,  the  space-to-chord  ratios/c, 
an  angle  that  defines  the  branch  points  of  the  circle, 

the  pc sition  R  of  the  sources  and  sinks,  and  the  ratio 
CL/CLi  of  lift  with  blade  interference  to  single  profile 
lift.  Three  distinct  equations  involving  these  parameters 
can  be  solved  to  obtain  Cl/C^  =  (s/c,  d1  )  • 

The  three  equations  that  result  from  the  transformation 

are : 

(1)  tan  ^st  =  (tan  ^ 


(2)  —  =  -  J  cos  ^ In 
s  rr  J 


(  R2  +  2r  cos  *^st  +  l\ 
y  R2  -  2R  cos  St  +1  j 


+  2  sin 


-1 


(3)  =  K 

n  . 

where  C’l 


4  s  R 


2  >  K0  sin  £ 


cos  St 
cos  S' 

(actual)  £ 


effective  angle 
of  attack 


The  parameters  of  Equations  1,  2  and  3  above  are 
related  as  shown  in  Figures  2,  3  and  4  respectively.  This 
modification  of  the  lift  coefficient  with  space-to-chord 
ratio  (s/c)  and  stagger  angle  (  S')  must  be  incorpoiated 
in  the  driving  torque  analysis. 
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CASCADE  INTERFERENCE  COEFFICIENT  K0  FOR 
COMPARISON  WITH  S I N6LE  -  PROFILE  THEORY 


B .  Rotor  Driving  Torque  Analysis 


As  mentioned  in  the  introduction  to  this  section,  the 
torque  expression  is  derived  for  an  element  of  blade  area 
cdr  at  a  radius  r.  The  total  torque  is  then  obtained  by 
integrating  this  expression  from  the  hub  radius  R^  tc  the 
tip  radius  R-p.  The  fluid  inlet  velocity  is  assumed  to  be 
axial,  and  varies  wich  radius  as  calculated  in  the  velocity 
subroutine.  For  meters  with  a  pre-swirler,  the  approach 
velocity  is  calculated  in  a  different  manner. 

Figure  5  shows  the  velocity  vector  diagram  for  a  tur¬ 
bine  meter  blade  with  absolute  inlet  velocity  Vp  and  tan¬ 
gential  blade  velocity  r  .  The  axial  component  of  all 
absolute  velocities  is  V2  and  must  be  constant  for  a  given 
flow  area  to  satisfy  the  continuity  equation.  The  inlet 
velocity  relative  to  the  blade  Up  and  the  relative  exit 
velocity  U2  are  not  assumed  equal  as  in  previous  studies. 
The  inlet  velocity  makes  an  angle  ^  with  the  meter  axis. 
The  exit  velocity  makes  an  angle  /‘Sl  with  the  meter  axis 
which  may  be  different  from  the  blade  angle.  (Some  earlier 
studies  have  assumed  that  the  exit  angle  is  independent  of 
the  approach  angle  /?  ,  and  that  the  exit  velocity  is  al¬ 
ways  parallel  to  the  blaae.  Potential  theory  indicates 
that  this  is  true  only  for  small  spacings  of  s/c  <  0.7, 
which  is  generally  not  the  case  in  turbine  meters.) 
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Fig.  5.  Velocity  Vector  Diagram  for  Turbine  Meter  Blade 

Following  the  practice  in  turbomachinery  analyses  and 
cascade  theory,  it  can  be  shown  that  the  vector  average 
of  the  velocities  upstream  and  downstream  of  the  cascade 
plays  the  role  of  the  velocity  at  infinity  for  an  isolated 
airfoil,  since  the  blade  force  is  normal  to  this  velocity 
for  an  inviscid  fluid.  Therefore,  the  lift  and  drag  co¬ 
efficients  are  defined  perpendicular  to  the  direction  of 
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the  mean  flow  velocity 


_fc  Ui  +  Uo 

U-  =  - 2 - 

The  mean  flow  velocity  direction  and  the  normal  to  the 
cascade  axis  have  an  included  angle  defined  by: 

tan  ^  j  (tan  ^  +  tan  /3  2) 

The  effective  angle  of  attack  is  defined  by 

£  =  <r  -  a 

rather  than  by  the  difference  between  ^  and  the  inlet 
velocity  angle  /&  .  The  exit  velocity  angle  ^2  muBt 

known  before  the  effective  angle  of  attack  can  be  defined. 
Since  the  exit  velocity  angle  is  a  function  of  the  space- 
to-chord  ratio  s/c  and  the  stagger  angle  ^  ,  blade  spacing 
and  interference  effects  are  incorporated  in  this  way  also 
in  the  determination  of  the  lift  coefficient. 

The  lift  and  drag  forces  must  be  resolved  into  com¬ 
ponents  perpendicular  and  parallel  to  the  rotor  axis.  The 
driving  torque  comes  from  the  lift  component  less  the 
induced  drag  component : 
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From  the  mean  flow  velocity  vector  diagram: 


V„ 


cos 


A 


where  V  =  absolute  approach  velocity  =  f(r); 


and 


dL  = 


dD  = 


V 


V3 


cos,A  / 

..  2  4 


2  fr  Kc  sin  £  c  dr 


cosA 


CD  C  dr 


Thus, 


dT  =  ^  Vz  c 


N  f  2  If-  Kq  sm 

L  cos  A 


6 


cd  8 


in  /$*>  1 
:>s2  4L  J 


008% 

At  this  point,  it  is  desirable  to  introduce  some 
expressions  relating  /S  ^  £  ,  and  through  the 

lift  coefficient.  Usually  the  lift  coefficient  is  defined 
by: 

n  =  2  r 


where 


L 

r 


c 


s  v2  (tan  /5  2  -  tan  /& 

V, 


cos 


A 


Therefore,  C, 


but 


2  £  cos  ^  (tan  3 2 
2  >  K  sin  /■  also  . 


tan  r?  ,  ) 


Equating, 


cos  /3  (tan  /2> 


> - /—  2  “  tan  -  2  >  Kc  sin  0 


or 


|  -JL-  (t«n/S2  -  tan^)  . 


sm 


cos  ^ 


r  dr 
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This  substitution  can  be  made  directly  into  the  torque 
expression  on  the  previous  page.  Other  useful  relationships 
can  be  obtained  from  trigonometric  expansion  of  the  term 
on  the  right: 


Thus, 


sin 


cos 

i 


c 


sin _ (  # 

C°S  /3a, 

sin  y  cos  Aa.  -  cos  ft  sin  /3a> 
cos  /3m 

sin  J1  -  cos  d1  tan 

CO  S 

Sin  Jr  -  - 2  -  (tan  ^3  ^  +  tan  ) 


c  ,>  K 


( tan  3  -  tan  £ .  ) 

Z  '  1 


-  cos 


1  [  tan  J  -  ltan  /%  *  tan  j 


Let  the  deflection  coefficient  q  be  defined  by: 

K,  Jr  CK0  cos  J1 

q  =  -  —  - - 

2  s  1  2s 


_2R —  cos  ^ 

R  +  1  St 


The  deflection  coefficient  q  is  a  function  of  the  space- 
to-chord  ratio  s/c  and  the  blade  stagger  ,  and  can  be 
cor.'puted  by  making  use  of  previously  calculated  terms. 
Thus  dependence  is  shown  in  Figure  6. 
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(tap.  -5  -  t.an  ,  )  Uan  /i  ,  +  tan  /3  J 

Then - 1 - L_  =--  tan  -  - - — ± - —L. 

2q  2 

or,  aft^r  some  algebra, 

tan  -  »n  = 

tan  y*  -  tan  /?  1  +  q 

Since  Ke  =  f  (  $ t  s/c)  and  q  =  f(K0.  s/c,  ),  then 

can  be  determined  as  a  function  of  /3  ^  and  the  geometry. 

Having  related  a  to  /3  through  q,  we  can  return  to  the 

2  '  1 

substitution  in  the  driving  torque  expression: 


,  2  «. 

dT  =  4  V  ( r )  cN  2  —  (tan  /3  _  -  tan  /?  ,  ) 
/  c  7  2  /I 


tan  /S’* 
cos 


r  dr 


From  the  velocity  vector  diagram  telow: 


50 


or  U. 


cos  /\ 


tan 


tan 


/-> 


cos  /V 


Vz  |  1  +  **  (tan  /?j_+  tan  2)  2  J 

V  f  2  1 

—  =  1  +  H(tan  +  tan  2)  J 

=  tan  /?L  +  tan 
V_  2 


(tan  /-  1 


+  tan  ^ 


1  +  >t(tan  yS  ^  +  tan  ^3 


Thus,  dT  =  bytf>V"(r)cNJ2  c(tan  ft  2  ~  tan  /^j_) 

„  (tan  ,'|  ,  +  tan  J  j)  f,  ,  ,  ^  ,  .  2| 

-  cD - _ — L__ - —  Jl  +  )*(tan  ^  1  +  tan  ^  2)  J  j 

Using  the  previously  derived  express: or.  relating  ftS 

to  the  blade  geometry  and  inlet  angle: 

tan  -  tan  =  — 2<L_  (tan  ft  -  tan  •>’  ) 

^  1  1  +  q  x 

But  from  the  velocity  vector  diagram  and  definition  of  the 

lead  of  a  helical  blade: 

r 

tan  ft  ~  - - 

/  1  V(r ) 

Y  2  /hr 

tan  <5  =  — £~ 

so  that 


tan  fi>  2  ~  tan  ,  x  ~ 

——  1 

2  y  r  _  r  '^a  | 

l" 

+  q  j 

L  V(r)  | 

tan  p  2  +  tan  -s  ^ 

_9 _ i 

1  2  ^  r  |+  1  / 

r^l 

2 

T 

+  q 

1  L  1  1  + q( 

v( r )  ) 

r  dr 
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Finally,  therefore,  the  driving  torque  becomes: 


The  driving  torque  expression  given  above  includes 
modification  of  the  theoretical  lift  coefficient  for  blade 
interference  effects,  but  the  single  profile  lift  coefficient 
used  is  that  of  an  ideal  infinite  wing  without  accounting  for 
a  finite  aspect  ratio  or  blade  "airfoil1'  efficiency. 

For  a  blade  of  finite  length: 

2  W k  sin  £ 

O 

where  X  =  blade  "airfoil"  efficiency  (0.9  <  X  <  1»°) 

2 

AR  =  blade  aspect  ratio  ^RT 

blade  area 

Defining  an  effective  lift  experimental  factor  £  : 

e  =  - 

i 

AR 


C.  1  _ 


the  first  term  in  a  driving  torque  equation  becomes: 


It  is  apparent  that  integration  to  obtain  a  closed  form 
expression  for  driving  torque  is  not  possible,  partly  because 
of  the  desired  dependence  of  der.rity  and  velocity  on  radius. 
Therefore,  numerical  integration  on  the  computer  was  chosen 
as  the  method  for  obtaining  a  solution.  For  a  given  radius, 
the  rotor  configuration  specifies  s,  c,  anu  o''  ,  which 
give  Kc  and  q.  The  velocity  and  density  at  r  are  specified 
from  the  flow  conditions  and  the  integrated  driving  torque 
can  be  obtained.  For  the  case  of  flat  blades,  the  term 
iLiLl  can  be  replaced  bv  tan  $  in  the  torque  expression  and 

T 

the  blade  stagger  angle  substituted  directly. 

C.  Rotor  Hub  Fluid  Drag 

The  fluid  friction  drag  on  the  rotor  hub  has  a  component 
which  contributes  to  the  fluid  retarding  torque.  The  fluid 
drag  on  the  rotor  hub  is: 

Fh  =  (VU~  2)h  CD  A  COS  A 
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The  retarding  torque  becomep: 

*5 


Th  =  Vr  ^  Cd(C8  cos  <r  )h  sin 


-  ’sni/v2)  c  (cs  cos  $  )  A  % 

/  h  D  h  cos  ^  n 


=  hN  V2 )  C  (Cs  cos  )  /  lfn  1.  * Z 

r  h  D  h  \  2 

|^1  +  ^  (tan  ^  1  +  tan yS  2)2J  ^ 


=  1sN(^.v2)h  CD(Cs  cos  $  )h 


(r^itan^  +|i-h ) tan  z5  ij 
j1  “n  5  +(r^i) tan/4 


V.  must  be  an  effective  free-etream  velocity  in  the  vicinity 
n 

- c  the  huh,  cir.cz  V.  i.8  ■  ally  zero  for  viscou®  flow.  The 

n  J 

value  used  in  the  numerical  case  was  taken  as  the  mean  flow 
velocity  v.) 
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D.  Blade  Tip  Clearance  Drag 

As  the  meter  blades  rotate  in  close  proximity  to  the 
meter  body,  a  blade  tip  clearance  drag  imposes  a  retarding 
torque  on  the  rotor  which  is  dependent  upon  the  clearance. 
The  retarding  torque  is  very  similar  to  that  in  a  journal 
bearing,  and  the  analysis  is  based  on  this  analogy-  The 
drag  is  proportional  to  the  friction  factor  which  is  a 
function  of  the  Reynolds  number  based  on  the  rotor  clearance 
The  retarding  torque  is: 

where 


Thus, 

where  the  Reynolds  number  is  defined  as  Re  =  O  - ! — _ 

This  friction  factor,  based  upon  the  bearing  analogy, 
may  be  somewhat  higher  than  actual.  A  similar  calculation 
was  made  expressing  the  blade  tip  clearance  drag  as  a 
function  of  the  drag  coefficient  based  on  the  blade 
thickness;  however,  this  calculation  was  not  considered 
valid,  s  nee  the  controlling  dimension  should  be  the 
clearance.  Hence  the  bearing  analcgy  is  preferred. 


BT 


f/’%-  |  (ct)  Rt  N 


tv' 

a 


u 


f  = 


0.078 

Re0-43 

0.078 


2  3 


BT 


2  Re 


/O  u>  R  ct  N 
0.43  '  a  T 


(a)  . 


fu  ("b 


R„  - 


*T) 


55 


5*  Velocity  Profiles 

This  study  is  restricted  to  £ully  developed  turbulent 
flow  with  the  meter  located  a  distance  downstream  of  the 
inlet  that  will  guarantee  fully  formed  velocity  profiles 
(  25  to  40  diameters).  The  discussion  in  this  section 

is  also  restricted  to  smooth  pipes.  Empirical  correction 
factors  will  be  necessary  for  other  pipe  conditions. 

Several  options  exist  in  the  program  to  specify  the 
velocity  profile.  A  subroutine  permits  the  calculation 
of  the  velocity  profile  for  turbulent  flow  through  the 
annular  rotor  area.  The  option  also  exists  to  specify  the 
velocity  profile  based  on  a  curve-fit  of  experimental  data, 
or  predicted  analytically  tc  study  other  effects.  The  only 
restriction  is  that  the  velocity  profile  be  axi symmetric. 
This  limitation  is  necessary,  because  without  it  the 
integration  routine  would  become  very  complicated,  requiring 
weighting  of  portions  of  the  annular  flow  to  get  equivalent 
average  velocities,  etc. 

To  study  the  importance  of  velocity  profiles,  a 
calculation  routine  is  also  provided  to  determine  the  fully 
developed  pipe  profile.  However,  the  application  of  this 
routine  is  not  recommended,  because  flow  through  the 
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straightcner  and  rotor  hub  areas  is  better  described  by  the 
annular  flow  subroutine. 

1 .  Annular  Flow  Velocity  Profile 

One  of  the  most  thorough  studies  of  flow  in  annuli 
is  that  of  Levy,  Reference  23.  The  analytical  predictions 
of  the  velocity  profile,  plane  of  zero  shear,  mixing 
length,  eddy  diffusivity,  and  friction  factor  provide 
very  good  agreement  with  test  data.  The  analysis  is 
based  upon  Reichardt's  expression  for  eddy  diffusivity 
of  momentum.  The  theory  parallels  that  of  flow  in  a 
circular  pipe  and  requires  only  the  assumption  of  the 
form  of  the  eddy  diffusivity  of  momentum  and  a  mixing 
length  constant  near  the  outer  tube  wall. 

It  is  interesting  to  note  that  the  point  of  maximum 
velocity  for  turbulent  profiles  in  annuli  does  not 
correspond  to  the  midpoint  cf  the  annulus,  and  therefore 
the  inner  and  outer  portions  of  the  velocity  profile 
curve  will  be  different.  The  velocity  profiles  starting 
from  the  rotor  support  hub  and  the  outer  meter  wall  have 
the  same  velocity  and  eddy  diffusivity  at  the  plane  of 
zero  shear. 
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The  following  equations  are  necessary  to  obtain  the 
desired  solution.  Details  of  the  analysis  are  found  in 
Reference  23.  (Several  mistakes  found  in  this  reference 
have  been  corrected  below) : 
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Equation  1  is  va*id  on  both  sides  of  the  annulus.  For  the 
region  near  the  meter  body  wall,  subscripts  b  should  be 
used  with  the  terms  K,  2“ ,  s  and  R.  Subscripts  h  apply 
to  the  region  near  the  rotor  hub. 
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given  by  the  above  expression  except  for 
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where  Re  is  the  Peynolds  number  expressed  in  terms  of  the 
hydraulic  diameter  of  the  channel  : 

Re  -  J  7  Rb  »  -  ^  ) 

-7  ’ 


The  calculation  procedure  is  as  follows: 

(1)  From  the  design  volumetric  fl.w  rate  q  ,  determine 
the  a  vc  i  age'  velocity  V  from: 
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velocity  V  is 
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(2)  Calculate  the  Reynolds  number  based  on  the  hydri  lie 


diameter  from: 


Re  =  2v 

y 


v  2(Rb  -  Rh) 


(3)  For  the  first  approximation,  the  use  of  the  hydraulic 
diameter  to  predict  friction  factor  based  on  smooth 
pipe  friction  factor  relations  is  satisfactory: 


f  =  0.046 

(Re)0*2 

Other  friction  factor  expressions  (as  a  function  of 
pipe  roughness)  can  be  substituted  if  desired. 


(4)  Kq  is  taken  equal  to  0.4  and  a  value  of  rm  is 


assumed.  Calculate 


<Rt  rm)\/4R  // 


Equation  6  ^a) • 


(5)  Calculate  KQ/K^  from  Equation  3. 


(6)  Calculate 


<rm  -  VV  Rh// 


from  Equation  6(b). 


(7)  Calculate 


from  Equation  2. 


(8)  Calculate  sQ,  8^  and  *10,  ^  from  Equation  1. 
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(9)  Calculate  A  and  B  terms  from  Equation  5. 

(’0)  Repeat  Calculations  1  through  9  until  Equation  4 
is  satisfied. 

(11)  The  velocity  distributions  are  finally  calculated 
for  Equation  1  giving  V2  =  f(r)  for  substitution 
in  the  driving  torque  equations. 

Because  of  the  logarithmic  relationship  between  u+  and 
y+,  some  difficulties  are  encountered  in  evaluating  the 
velocity  profile  extremely  close  to  the  walls.  In  this 
region,  the  velocity  profile  can  be  considered  to  be 
relative ly  independent  of  the  annular  configuration,  and 
will  follow  the  profile  that  would  exist  in  a  full  pipe 
profile.  In  this  region,  the  expression  u+  =  y+  is  commonly 
used  for  values  of  y+  less  than  5.0.  This  assumption  is  also 
made  for  the  annular  velocity  profile  calculations. 

2.  Fully  Developed  Pipe  Velocity  Profile 

Turbulent  flow  through  pipes  has  received  considerable 
attention  in  the  past  because  of  its  obvious  importance  in 
many  fields.  A  large  part  of  thiB  work  was  experimental, 
with  the  most  significant  work  in  the  area  of  velocity 
profile  determination  performed  by  J.  Nikuradse.  A  dis¬ 
cussion  of  his  work  is  found  in  Schlichting,  Reference  24. 
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Nikuradse  carried  out  a  very  thorough  experimental 
investigation  into  velocity  profiles  in  smooth  pipes  over 
a  very  wide  range  of  Reynolds  numbers  (4  x  10J  <  Re  < 

3.2  x  106) ,  where  Reynolds  number  is  based  on  the  mean 
flow  velocity  v  and  the  pipe  diameter  D:  Re  =  . 

Nikuradse  found  that  it  is  possible  to  represent  the 


velocity  profile  by  the  empirical  expression: 


mi 

V 

max 


where  the  exponent  n  varies  slightly  with  Reynolds  number 

and  V  is  the  maximum  velocity  in  the  cross  section, 
max  1 

Using  the  expression  above,  the  ratio  of  the  mean  to 


maximum  velocity  v/v  is  found  to  be: 
•*  max 


(n  ■+•  1)  (2n  ^  1) 


The  values  of  n  increase  slightly  with  Reynolds  number, 
as  shown  in  the  table  below  and  Figure  7. 


Re 

n 

4  x  10 

3 

6.0 

2.3  x 

io4 

6.6 

J  .1  X 

io5 

7.0 

1.1  X 

106 

8.6 

2.0  x 

io6 

10.0 
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TURBULENT  FLOW  VELOCITY  PROFILE  DETERMINATION 


For  a  given  flow  rate  and  pipe  diameter,  the  Reynolds 
number  can  be  obtained  and  the  velocity  profile  determined 
f  rom : 

1 

Vi£l  =  /_X_|n  (n  +  1)  (2n  +  1) 

v  lRb  I  2r? 

The  velocity  profile  given  above  is  for  turbulent  flow 
in  an  unobstructed  pipe,  and  represents  the  flow  upstream 
of  the  metering  section.  It  should  not  be  confused  with 
the  velocity  profile  at  the  blade  inlet  section,  since  the 
flow  straightener,  rotor  hub  and  housing  obstruct  a  portion 
of  the  flow,  resulting  in  a  different  profile.  The  actual 
profile  m^y  be  a  transition  flow  approaching  the  annular 
profiles.  The  presence  of  the  flow  straighteners  suggests 
that  the  annular  profile  is  a  better  representation  of  the 
actual  fluid  behavior  than  the  fully  developed  pipe  profile 
just  described.  One  reason  for  this  is  that  zero  velocity 
will  exist  at  the  hub  support,  which  will  not  be  true  for 
pipe  flow  profiles.  Therefore,  the  fully  developed  pipe 
profiles  are  not  recommended  for  actual  use,  and  were 
included  in  the  program  only  as  a  tool  to  study  the 
importance  of  velocity  profile  on  meter  performance. 


The  final  velocity  profile  option  is  the  provision  for 
specifying  the  profile  by  means  of  constants  obtained  from 
the  curve  fit  of  experimentally  measured  profiles  or  a 
theoretically  specified  profile  for  parametrically  exploring 
the  effects  on  meter  registration. 


1  .  Meti  r  Dimensional  Effects 

Although  the  study  is  concerned  primarily  with  storable 
propellants,  the  importance  of  meter  dimensional  effects 
can  best  be  illustrated  for  cryogenics.  The  problem  of 
temperature  compensation  in  calibration  factors  for  cryogenic 
operation  was  first  treated  by  Grey  in  References  5  and  6. 
More  recently,  Staniszlo  and  Krause7  in  NASA  TND-3773 
published  a  derivation  of  a  thermal  correction  factor  for 
liquid  hydrogen  that  included  allowances  for  blade  tip 
clearance  and  boundary  layer  effects.  Reference  8,  a 
companion  report,  presented  data  indicating  that  a 
difference  of  0.3%  could  exist  due  to  the  added  terms  for 
blade  tip  clearance.  The  expression  xs  given  below; 


4  w 
to 


/3  &  T 
^  R 


3 


V 


n 


-1  ^ 


-  66 


The  first  factor,  -3^ AT,  was  originally  derived  by  Grey 
and  the  remainder  represents  the  correction  for  blade-tip 
clearance  effects.  The  predicted  0.3%  change  seemed  quite 
large,  and  for  this  reason  a  sample  calculation  was  made 
using  the  conditions  outlined  in  the  analysis: 

-  6.1  x  10  ^  in/in  303  Stainless 

7  H 

„  -6 

/a  a  3.9  x  10  in/in  17-4  PH  Stainless 

7  R 

At  =  -447  °F 

Of  the  0.3%  change  due  to  blade  tip  clearance  effects, 
a  portion  of  this  correction  is  due  to  the  clearance  change 
caused  by  the  housing  and  rotor  having  different  thermal 
coefficients  of  expansion,  and  the  remainder  is  the  true 
correction  term  for  including  clearance  leakage  in  the 
analysis.  The  calculation  indicated  that  0.11%,  or 
approximately  one-third  of  the  correction,  is  due  to  the 
inclusion  of  clearance  leakage  in  the  analysis. 

Both  References  6  and  7  have  based  their  analysis  on 
geometrical  relationships  which  are  true  only  if  there  are 
no  retarding  torques.  Since  the  purpose  of  this  study  is 
to  develop  a  general  model,  with  retarding  torques  and 
variable  velocity  profile,  the  approach  used  in  the  above 
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iefeiencea  does  not  appiy.  Dimensional  effects  are  therefore 


included  by  making  the  appropriate  geometry  temperature- 
dependent  by  defining  a  reference  geometry  and  the  appropriate 
coefficients  of  thermal  expansion.  In  this  way,  different 
coefficients  of  expansion  for  the  rotor  and  meter  body  can 
be  included. 

Assuming  isotropic  materials: 

“b  =  X  (1  *  ^b4T) 

Rh  *  \  <»  ♦ 

\  *  rt  u  +  /3r*T) 

o 

vV  re  A  -  coefficient  of  thermal  expansion  for 

the  meter  body 

■=  coefficient  of  thermal  expansion  for 
the  rotor  hub  and  blades 

With  these  expressions,  a  change  in  operating  temperature, 
and  hence  meter  geometry,  results  in  a  change  in  the  mean 
flow  velocity  and  velocity  profile  for  a  constant  flow  rate. 
Changes  in  these  parameters  appear  directly  in  the  torque 
equation  and  limits  of  integration. 


G .  Model  Flow  Rate  and  Fluid  property  Requirements 

The  turbine  flowmeter  performance  model  is  restricted 
to  fully  developed  turbulent  flow  of  a  single-phase 
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incompressible  Newtonian  liquid.  This  implies  restrictions 
on  the  flow  rate,  line  pressure,  and  approach  length  upstream 
of  the  meter.  The  transition  from  laminar  to  turbulent  flow 
occurs  somewhere  in  the  Reynolds  number  rango  of  2300  to 
4000.  To  insure  fully  turbulent  flow  for  less  than  meter 
design  flow  rates,  the  model  is  restricted  to  flows  with  a 
minimum  Reynolds  number  of  10,000  at  the  actual  flow  rate. 

Since  the  performance  model  is  restricted  to  single¬ 
phase  fluids,  the  pressure  downstream  of  the  meter  should 
always  exceed  the  fluid  vapor  pressure  by  at  least  25%. 

The  inlet  length  required  for  fully  developed  turbulent 
flow  is  considerably  shorter  than  for  laminar  flow.  Experi¬ 
mental  measurements  of  inlet  length  by  various  investigators 
reported  in  Schlichtrng  (page  502)  vary  from  25  to  40 
diameters  in  one  case  to  50  to  100  diameters  in  another.  As 
a  general  rule,  a  minimum  of  40  pipe  diameters  should  exist 
between  the  supply  tank  and  the  meter. 

Most  turbine  flowmeters  contain  flow  straighteners 
upstream  of  the  rotor  to  remove  any  swirl  the  fluid  may 
have  acquired  in  passing  through  upstream  elbows  and  other 
piping.  Where  straightening  vanes  are  not  employed,  a 
straight  run  of  pipe  upstream  and  downstream  of  the  meter 
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is  required.  Since  these  requirements  are  experimentally 
determined,  there  is  some  variation  in  the  length  of  pipe 
recommended.  The  American  Petroleum  Institute,  Reference  25, 
recommends  10  pipe  diameters  upstream  and  2*5  diameters  down¬ 
stream  as  a  minimum.  The  American  Gas  Association, 

Reference  26,  has  prepared  similar  data  for  orifices,  and 
recommends  from  sixteen  pipe  diameters  (for  the  case  of  a 
simple  el)  to  40  diameters  (for  els  in  different  planes) 
upstream.  A  minimum  of  five  pipe  diameters  downstream 
is  recommended. 

H.  Blade  Boundary  Laver  Growth  Calculations 

The  driving  torque  and  blade  interference  analysis 
assumes  incompressible  inviscid  flow.  As  mentioned  in 
earlier  sections,  a  viscous  flow  analysis  of  the  blade 
boundary  layer  region  and  trailing  edge  wake  appeared  to 
be  beyond  the  scope  of  the  study,  because  these  effects 
were  of  primary  importance  in  turbomacninery  with  large 
turning  angles  and  pressure  differences,  and  would  be 
less  important  in  turbine  flowmeters.  To  conduct  this 
analysis,  it  would  be  necessary  to  determine  the  ideal 
potential  pressure  distribution  around  the  contour  of  the 
blades;  the  boundary  layer  on  the  blade;  and  the  losses 
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due  to  mixing  in  the  wake  behind  the  cascade.  Therefore, 
a  rough  boundary  layer  growth  calculation  was  made  for  a 
typical  2",  225  gpm  turbine  flowmeter  to  determine  if  the 
boundary  layer  was  small  enough  to  be  neglected. 

The  meter  had  a  rotor  hub  and  body  diameter  of  0.834" 
and  1.781"  respectively.  Calculations  were  made  for 
maximum  design  flow  rates  in  water,  N^O^,  and  50/50 
hydrazine  blend.  The  boundary  layer  thicknesses  at  the 
trailing  edge  were: 


Fluid 

O 

h2° 

0.014" 

N2°4 

0.011" 

50/50  Blend 

0.014" 

These  boundary  layers  represent  from  4%  to  9.5^(  of 
the  spacing  (on  a  14-bladed  rotor)  at  the  tip  and  hub, 
respectively.  Therefore,  there  is  little  possibility  of 
boundary  layer  interaction  in  the  blade  row. 

Note  that  the  numbers  given  above  are  f.->r  the  boundar 
layer  thickness  which  is  approximately  eight  times  the 
displacement  thickness,  and  therefore  the  portion  of  the 
flow  influenced  by  the  boundary  layer  is  very  small  in 
proportion  to  the  total  flow. 
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.  Modification  of  Velocity  Vector  Diagram  for  Prewwirler 


Several  meter  designs  employ  deflection  blade#  at  the 
end  of  the  straightening  vanes  to  impart  to  the  fluid  an 
intentional  swirl  as  it  approaches  the  rotor  blades.  These 
deflection  blades  are  integral  with  the  flow  straightener 
and  are  commonly  formed  by  inclining  the  trailing  edge  of 
the  straightener  blade  to  the  desired  angle,  (generally, 
the  number  oi  preswirl  blades  is  less  than  the  number  of 
rotor  blades,  and  space- to -chord  ratios  are  larger. 

The  use  of  intentional  preswirl  upstream  of  the  rotor 
blades  came  about  through  empirical  studies  with  previous 
meter  designs.  Meter  manufacturers  found  that  blade  ength 
had  a  direct  bearing  on  the  Reynolds  number  region  in  which 
"viscosity  hump”  occurred.  This  problem  was  solved  by 
shortening  the  blades,  but  the  racier  characterise ic  was  no 


longer  flat  in  the  nigh  Reynolds  number  regime < 


▲  •  -  A  * 


experimentation,  it  was  found  that  the  use  of  preswirlers 


lifted  the  high  Reynolds  number  end  of  the  curve  to  give  a 


flat  characteristic. 


An  analysis  of  the  preswirler  is  necessary  since  it 
modifies  considerably  the  approach  velocity  vector  diagram 
for  rotor.  Since  the  space-to-chord  ratio  may  be  large  with 
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a  few  number  of  blades,  complete  fluid  guidance  cannot  be 
assumed  and  the  actual  departure  velocity  and  departure 
angle  must  be  calculated.  The  analysis  is  virtually  identical 
to  that  employed  in  the  analysis  of  the  rotor,  since  the 
preswirler  if  just  a  fixed  cascade.  The  previous  expressions 
are  somewhat  simpl-fied,  because  the  angular  velocity  terms 
are  not  present.  Therefore,  the  same  equations  can  be  used 
to  calculate  a  deflection  coefficient  as  a  function  of  the 
preswirler  space- to-chord  ratio  and  blade  stagger  angle. 

The  deflection  coefficient,  and  velocity  vector  diagram  allow 
the  calculation  of  the  departure  velocity  and  angle. 

The  flow  is  deflected  in  the  direction  of  the  rotor 
rotation  as  shown  in  velocity  vector  diagram  below: 


01  = 

Blade  interference  effects  and  a  deflection  coefficient 

can  be  calculated  for  the  straightener  using  the  same 

expressions  as  for  the  rotor: 

tan  ©2  -  tan  CS>1  /  2q 

-  tan  |  1  +  q 


tan 


straightener 


whe  re 


0. 


q  =  f(s/c,  ,  etc.)  and  tan 


Thus, 


tan  -  1-23. 


1  +  q 


tan  cK 


In  some  meter  designs,  the  flow  straightener  hub  and 
rotor  hub  have  slightly  different  radix.  However,  the 
continuity  equation  must  be  satisfied,  and  therefore  the 
straightener  axial  velocity  will  be  modified  slightly. 


V  7 T  (Hos2  -  Ris2)  »  V2  7r  (Rb2  -  Rh  ) 


The  velocity  vector  diagram  at  the  rotor  becomes: 


The  rotor  torque  equation  can  be  evaluated  for  the  case 
of  preswirler  designs  by  making  the  same  substitution  for 
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tan  .  in  the  above  equation,  Vz  is  the  axial  velocity 

for  the  rotor  annulus  at  radius  r,  and  V_  is  the  axial 

*s 

velocity  for  the  flow  straightener  annulus. 


J.  Pressure  Drop  Calculation 

An  accurate  analysis  of  the  pressure  drop  through  a 
turbine  flowmeter  requires  a  study  of  the  effect  of  blade 
thickness,  spacing,  and  departure  angle  on  friction  losses 
and  downstream  energy  dissipation  in  the  fluid  wake..  As 
mentioned  in  earlier  sections,  a  detailed  analysis  of  wake 
dissipation  effects  is  beyond  the  scope  of  the  program 
without  an  accompanying  pressure  distribution  and  boundary 
layer  analysis.  Therefore,  a  wake  analysis  will  not  be 
performed,  although  those  interested  in  further  reading 
on  this  subject  should  consult  Reference  4,  pages  75-79. 

A  simplified  way  of  describing  the  energy  loss  which 
occurs  in  the  viscous  flow  through  a  rotor  or  cascade  is 
through  the  introduction  of  a  dimensionless  loss  coefficient: 


r 


a  h 

- 7 

hw: 
/  2 


loss  in  total  head 


dynamic  pressure  of  axial  component 


A  discussion  of  the  calculation  of  loss  coefficients  of 
a  two-dimensional  cascade  is  found  in  a  paper  by  Schlichting 
{Reference  27).  Application  of  boundary  layer  theory  to  a 
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cascade  in  at  least  an  approximate  manner  is  necessary  to 
obtain  the  relation  between  the  loss  coefficient,  the 
deflection  coefficient,  the  angle  of  inflow,  and  all  the 
geometric  parameters  of  the  cascade.  The  deflection 
coefficient  has  been  obtained  from  potential  theory,  but 
the  loss  coefficient  can  only  be  obtained  from  viscous-flow 
theory.  As  summarized  by  Schlichting,  the  losses  associated 
with  a  cascade  consist  of  losses  in  the  nonseparated 
boundary  layer;  of  additional  losses  due  to  separation  if  it 
occurs;  and  of  losser  due  to  turbulent  mixing  in  the  wake. 
Because  of  the  small  angles  of  attack,  separation  is  not  a 
problem.  The  losses  due  to  wake  mixing  will  be  omitted  as 
previously  discussed  to  simplify  the  computation,  so  in 
this  regard  the  pressure  drop  calculation  is  approximate. 

The  loss  coefficient  obtained  r-om  Schlichting 
(Reference  27)  is: 


T  = 

V 


2  6 


5 

cos'  ^  . 


2  corr 

where  (P  denotes  a  dimensionless  momentum  thickness  obtained 
from  the  momentum  thickness  at  the  trailing  edge  of  the 
blade  by  the  following  formula: 

^ts  +  (9  tp 


O  = 


i  COS  1 


2  corr 
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where  (y*.  and  Ct-  denote  the  momentum  thickness  at  the 

* P 

trailing  edge  for  the  suction  side  S  and  the  pressure 
side  p  of  the  blade.  The  expressions  also  contain  corr' 

which  is  the  angle  of  outflow  in  potential  flow  corrected 
to  take  into  account  the  influence  of  the  boundary  layer 
on  the  potential  flow.  Since  the  blade  turning  angles  and 
pressure  drops  are  small  compared  to  those  of  conventional 
turbines,  the  influence  on  the  angle  of  outflow  should  be 
small.  For  this  reason,  ^  from  the  potential  flow  analysis 
will  be  used  in  computations  given  above.  Because  the  blades 
are  flat  with  no  camber  and  run  at  very  small  angles  of 
attack,  the  trailing  edge  momentum  thicknesses  should  be 
comparable.  Combining  the  previous  expressions  based  on 
these  approximations: 

2  4  ©  N 

Ah  =  (4  V  )  - - — 

/  z  S  COB-5/} 


(pt  -  0.036  C  (Rec  ) 
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in  addition  to  the  viscous  losses  due  to  the  blades, 
there  is  the  additional  friction  loss  on  the  meter  walls, 
as  in  any  pipe: 


Vvp2ipe 

where  I.  =  meter  length  and  f 


}  (^) 

V 

,  0,046 

<ReD>  ° 
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The  expression  given  above  cannot  be  properly  applied 
for  flow  through  an  annulus,  however.  The  pressure  drop 
through  an  annular  space  of  inner  diameter  and  outer 
diameter  D2 »  taken  from  McAdams  (Reference  28)  is  given  by: 


This  expression  is  preferred  in  the  annular  region  between 
the  hub  and  the  housing  approaching  the  rotor,  it  is  also 
applied  in  the  annular  region  between  the  flow  straightener 
support  and  the  meter  body. 

K.  Bearing  Retarding  Torques 

The  complexity  of  bearing  drag  or  retarding  torque 
expressions  was  mentioned  briefly  in  the  initial  literature 
survey.  A  majority  of  the  recent  references  in  this  field 
are  based  on  the  paper  of  Scibbe  and  Anderson,  Reference  22. 
This  analysis  is  based  on  the  assumption  that  ball  spin 
torque  is  the  major  contributor  to  total  bearing  torque. 

To  properly  use  this  analysis,  one  must  have  a  detailed 
knowledge  of  the  bearing  design,  since  the  major  parameters 
induce  inner  and  outer  race  contact  angle,  pitch  diameter, 
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race  curvature,  ball  diameter,  outer  race  ball  load, 
coefficient  of  sliding  friction,  etc. 

Generally,  it  would  be  expected  that  a  user  of  turbine 
flowmeters,  interested  in  turbine  meter  performance,  would 
r.ot  be  familiar  with  the  design  details  of  a  particular 
bearing  used  in  a  meter.  In  addition  to  the  complexity  of 
the  torque  expressions  and  the  many  unknowns,  these  para¬ 
meters  can  vary  widely  with  axial  and  radial  clearances, 
which  in  turn  vary  with  temperature.  This  has  been  pointed 
out  by  Smith  in  Reference  9,  where  the  direct  use  of  the 
ball  bearing  torque  expressions  in  a  turbine  flowmeter 
analysis  was  not  practical  for  these  reasons.  The  most 
convenient  way  of  introducing  bearing  retarding  torques 
into  the  turbine  meter  analysis  is  through  retarding  torque 
speed  and  load  curves  or  tables  obtained  by  direct  measure¬ 
ment  or  from  analytical  predictions  made  by  bearing  manu¬ 
facturers  familiar  with  design  details. 

For  those  interested  in  the  design  of  a  turbine  meter 
and  important  factors  in  obtaining  low  bearing  torque  designs. 
References  29  to  31  should  be  consulted.  Of  these, 

Reference  31  is  more  directly  concerned  with  design  para¬ 
meters  affecting  bearing  torque,  and  gives  certain  general 
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rule*  for  ing  geometry  design  that  will  give  an  optimum 

bearing  (minimum  torque  and  maximum  life) i 

1.  The  contact  angle  should  be  aa  large  as  the  practical 
deaign  of  the  bearing  dictates,  since  a  change  in  the 
contact  angle  has  a  more  pronounced  effect  on  life 
than  on  torque.  The  life  will  be  increased  signifi¬ 
cantly  while  the  torque  will  be  only  slightly 
affected. 

;  i 

2.  The  pitch  diameter  should  be  made  as  small  as  j 

“  ! 

possible,  since  this  simultaneously  reduces  torque  ! 

•  .  1 

and  increases  life.  j 

:  '  i 

3.  IRC*  should  be  utilized  for  bearings  with  bore 
sizes  near  or  less  than  50  millimeters.  IRC  is 
advantageous  for  two  reasons: 

(a)  It  generally  results  in  less  torque  than  ORC 
curvatures. 

(b)  It  enables  the  use  of  an  arbitrarily  small 
value  of  the  inner  race  curvature  factor  f^, 
which  is  the  more  critical  race  curvature  in 
determining  fatigue  life  at  typical  operating 
speeds. 

*  IRC  is  inner  race  control,  with  pure  rolling  at  the  inner 
race  and  a  combination  of  rolling  and  spinning  at  the 
outer  race. 
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These  remarks  generally  hold  true  except  that  a  larger 
inner  race  curvature  factor  may  be  desirable  to  obtain  low 
torque,  sacrificing  bearing  life  to  some  extent. 

Generally,  the  parameter  changes  to  increase  bearing 
life  or  minimize  torque  are  in  direct  oppostion  to  each 
other,  as  shown  in  the  tabulation  below: 


Criteria 

for- 

Number 

of 

balli, 

n 

Ball 

diameter, 

d 

Pitch 

diameter, 

E 

Initial 

contact 

angle 

(unloaded), 

0* 

Race 

curvature 

combination, 

><A 

Low  ball- 

•pin 

torque 

Small 
(for  IRC) 

Small 

Small 

Small 
(for  IRC) 

Large  1  at 

spinning 

contact 

High 

fatigue 

life 

Large 

Large 

i 

_ 

Both  fa 
•mall 

_ 1 
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A  general  summary  of  the  importance  of  these  parameters, 
also  taken  from  Reference  31,  is  given  below: 

1.  Race  curvature  seemed  to  be  the  most  important 
single  variable.  A  change  in  curvature  factor  over 
the  range  examined  (0.52  to  0.58)  changed  torque  by 
a  factor  of  three,  or  life  by  a  factor  of  four  in 
some  cases. 

2.  The  examined  change  in  contact  angle  (15°  to  20°) 
produced  negligible  changes  in  torque  (less  than 
5%) ,  except  during  inner-race  control  near  the 
transition  speed.  The  effect  on  life  was  signi¬ 
ficant.  Increasing  the  angle  from  15°  to  20° 
doubled  the  life  in  one  case. 

3.  For  the  change  in  ball  number  examined  (25%  to  35%), 
the  ettects  on  lile  were  much  greater  than  the 
effects  on  torque.  The  torque  changes  were  in  the 
range  of  5%  to  20%.  On  the  other  hand,  life 
increased  by  over  100%  at  typical  loads  and  speeds. 

4.  For  a  25%  to  40%  increase  in  ball  diameter,  torque 
increased  by  as  much  as  100%  for  one  case.  Life 
increased  markedly  with  ball  diameter  for  all 
conditions.  At  typical  loads  and  speeds,  the  increase 
was  from  400%  to  700%. 
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5.  A  decrease  in  the  pitch  diameter  caused  a  decrease 
in  torque  and  an  increase  in  life  for  all  conditions 
examined. 

To  determine  the  availability  of  bearing  drag  data, 
the  Product  Development  Group  at  Miniature  precision  Bearing, 
Keene,  New  Hampshire,  was  contacted.  Miniature  Precision 
uses  a  desk-top  computer  model  of  bearing  performance  which 
has  the  capability  of  projecting  running  torque  measurements 
to  other  speeds.  in  18  years  of  bearing  work,  the  Chief 
Engineer  at  Miniature  precision  Bearing  has  not  found  any 
simplified  analytical  bearing  models  that  would  be  suitable 
for  inclusion  in  our  turbine  meter  performance  model.  Instead, 
Miniature  Precision  Bearing  uses  their  program  to  predict 
bearing  torque  variation  with  shaft  speed  and  load. 

One  factor  which  has  not  been  mentioned  in  this  discussion, 
but  which  was  emphasized  by  Fischer  and  Porter,  is  the 
importance  of  lubricity.  The  bearing  torque  vs.  rotor  spued 
and  thrust  load  curves  mentioned  previously  are  dependent 
upon  the  fluid  being  used  for  bearing  lubrication,  as  one 
would  expect.  When  changing  fluids,  or  when  calibrating  in 
one  fluid  and  running  in  another,  it  is  desirable  to  have 
actual  bearing  torque  data  for  each  fluid.  However,  when 
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this  is  not  possible  and  analytical  predictions  must  be 
utilized,  the  dependence  on  fluid  properties  must  be  known. 
Therefore,  it  should  be  pointed  out  that  the  analysis  of 
Scibbo  and  Anderson  (Reference  22),  derived  from  the  papers 
of  Jones  (Reference  21) ,  is  based  on  an  expression  in  which 
ball  and  spin  torques  are  directly  proportional  to  the 
coefficient  of  sliding  friction  ^  ,  which  is  assumed  to 
be  independent  of  normal  pressure.  But,  quoting  from 
Jones: 

"Actually,  the  coefficient  of  friction  is  a  complex 
function  of  a  number  of  variables.  Among  these  are: 
the  unit  pressure  and  sliding  velocities  at  different 
points  within  the  pressure  area,  the  nature  of  the 
contacting  surfaces,  the  temperature,  and  the  type 
of  lubricant.  The  functional  relationship  between 
all  factors  is  not  known  at  this  time..." 

The  ball  spin  torque  is  only  a  portion  of  the  total 
bearing  torque,  which  must  include  retainer  drag,  etc. 
Therefore,  bearing  retarding  torques  obtained  by  direct 
measurement  in  the  operating  fluid  are  preferred  to 
analytical  predictions. 

Miniature  Precision  Bearing  has  a  running  torque  tester 
which  conforms  to  the  requirements  of  Military  Standard  206. 
Measurements  made  with  this  instrument  at  one  given  speed 
compare  favorably  with  analytical  predictions.  However, 


the  test  speed  ie  quite  slow  and  not  typical  of  meter 
operating  speeds.  Some  bearing  torque  tc sters  produce 
noisy  signals  with  excursions  of  the  same  magnitude  as 
the  quantity  being  measured.  For  this  reason,  Rocketdyne 
and  others  have  built  their  own  dynamic  integrating  torque 
measuring  instruments . 

A  typical  example  of  a  turbine  flowmeter  bearing  is  a 
Miniature  Precision  Bearing  S53.8C  with  a  1/8"  bore  and  5/16" 
O.D.,  used  in  a  2"  Fischer  and  Porter  turbine  flowmeter. 

The  running  torque  vs.  speed  and  thrust  load  is  shown  in 
Figure  8  for  operation  in  water.  This  information  was 
entered  in  the  program  in  tabular  form  for  machine 
interpolation. 


1 .  Searing  Thrust  Load 

The  proper  determination  of  the  running  torque  requires 
a  knowledge  of  the  thrust  load  used  to  enter  the  figures 
previously  mentioned.  Calculation  of  the  bearing  thrusc 
load  is  very  similar  to  the  driving  torque  calculation  in 
that  the  thrust  load  is  the  sum  of  the  axial  components  of 
the  previously  calculated  lift  and  drag  forces. 


000  10,000  60,000 
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FIGURE  S 


BEARING  RUNNING  TORQUE  VS  SPEED  AND  LOAD 


From  the  velocity  vector  diagram  on  page  85: 
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Substituting  in  the  blade  thrust  load  equation: 
dF  =  N  (dL  sin  A  +  dD  cos  A  ) 


=  *5/ovz2  CN  I  2 ,7-  Ko  -?4f>  & -  tan  A  +  C 

'  I  cos  A  ^  D  ' 

which,  after  some  algebra  and  the  inclusion  of  finite  b 
effects,  becomes: 
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cos^ 

lade 
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The  thrust  load  computed  above  is  not  the  total  bearing 


thrust  load,  since  the  axial  component  of  fluid  drag  on  the 
rotor  hub  also  contributes: 

Fh  =  (V*h  «.h>  CD  (cs  cos  d*  )h  coS/4  N 
•j  4  V  ^ 

=  - Cn  (cs  cos  )  N 

coa  /3,„  h 

■  N  *j/^h  vh2  CD  (cs  cos  |l  +  %(tan/S  x  +  tan  y52) 

=  N  Vh  CD  (CB  COS  ^  f1  +  )  (tan  *  ) 

A»]2 

as  re  shown  in  the  following  sketch: 


Vh  must  be  an  effective  free  stream  velocity  in  the  vicinity 
of  the  hub,  since  is  actually  zero  for  viscous  flow.  The 
value  used  in  the  numerical  case  was  taken  as  the  mean 
flow  velocity  v. 
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Additional  bearing  thrust  loads  will  be  encountered  for 
a  meter  experiencing  acceleration  plus  the  blade  pressure 
load: 

Fr  =  Mr  (a  +  g  cos  £  )  +  ^Protor  (R,.  -  Rj^  tN 

where  Mr  =  rotor  mass 

=  angle  between  meter  axis  and  vertical 

For  cases  where  the  acceleration  is  inclined  to  the 
meter  cxis,  the  expression  above  can  be  modified  to  include 
proper  components. 

2 .  Journal  Bearing  Option 

Because  some  small  turbine  meters  and  industrial  meters 
employ  journal  bearings,  an  option  was  included  in  the 
computer  program  to  substitute  the  frictional  characteristics 
of  a  journal  bearira  at  zero  load. 

The  analysis  of  a  simple  journal  bearing  is  based 
primarily  on  the  paper  by  Taylor  (Reference  32),  who  studied 
the  fluid  motion  in  the  annular  film  between  rotating 
concretric  cylinders.  The  frictional  characteristics  of 
the  unloaded  bearing  were  used  as  the  criterion  to  determine 
the  mode  of  flow  in  the  lubricant  film.  The  shear  stress 
may  be  defined  by: 
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where  f 


'  2 

coefficient  of  friction 
u  =  journal  velocity 


The  coefficient  of  friction  is  a  function  of  the  Reynolds 

number  based  on  the  bearing  radial  clearance  c  .  For  a 

J  B 

laminar  bearing: 


Re 

For  turbulent  flow,  test  data  from  bearings  with  no 
load  gives  a  coefficient  of  friction: 


f  -  0.078 

Re0*43 

Transition  occurs  at  a  critical  Reynolds  number  based 
on  Taylor's  theory  of  stability  of  fluid  films.  For  laminar 
operation : 
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This  critical  Reynolds  number  has  been  observed  by  teat. 
Using  the  appropriate  coefficient  of  friction,  the  retarding 
torque  is: 


JB 


*  l£  ^112.'^,)  r( 


,2  4 

=  r 

/  JB  a  s 


where  =  bearing  length 

rfi  =  shaft  radius 

L.  Retarding  Torque  Due  to  Readout  Device 

As  part  of  the  study  of  turbine  rotor  retarding  torques, 
the  drags  due  to  a  typical  magnetic  and  RF  pickup  were 
determined.  The  primary  objective  was  to  determine  generally 
the  order  of  magnitude  of  these  retarding  torques  in 
comparison  with  the  bearing  drag  and  other  fluid  drags. 

Because  of  variations  in  pickup  design  w^th  meter  manu¬ 
facturers,  the  magnitude  of  the  drags  computed  cannot  be 
applied  to  other  designs,  but  their  proportional  relationship 
to  the  total  drag  can  be  considered  typical  of  these  units. 

The  Fischer  and  Porter  Company  very  generously  provided 
detailed  drawings  of  the  magnetic  pickup  for  their 
Model  10C1505  turbine  flowmeter  and  the  RF  pickup  and 


and  amplifier  circuit  for  their  Model  10C1510  turbine 
flowmeter.  For  both  examples,  a  2“  meter  with  a  maximum 
flow  of  200-225  ypm  was  chosen 

Several  simplifying  assumptions  and  approximations  were 
necessary  to  obtain  an  estimate  of  the  losses  in  the  rotor 
and  the  magnet.  A  more  detailed  estimate  of  these  losses 
is  not  practical  analytically,  and  can  be  more  easily 
determined  experimentally  with  a  few  tests  on  an  actual 
meter. 

1.  Magnetic  Pickup 

The  total  rotor  retarding  torque  resulting  from  the  use 
of  a  magnetic  pickup  can  be  attributed  to  three  types  of 
power  losses.  A  generated  power  loss  exists  through  the 
pickup  coil  and  external  load.  Eddy  current  losses  exist 
in  the  coil  components,  meter  body  and  rotor.  Hysteresis 
losses  are  experienced  by  the  core  pin,  rotor  and  magnet, 
(a)  Generated  Electrical  Power 

Electrical  power  is  generated  in  the  pickup  coil 
due  to  the  flux  linkage  change  resulting  from  the 
turbine  blade  pasrir.g  the  core  pin.  This  loss  results 
from  the  loading  effects  of  the  preamplifier  on  the 
coil.  The  power  lost  in  the  pickup  coil  winding  must 
be  included. 
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A  "worst  case"  analysis  of  the  Fischer  and  Porter 


Model  10C1505  (2"  200  gpm)  turbine  flowmeter  and 
Model  556E2271AA  preampli f ier  was  based  on  the 
following  assumptions: 

(1)  The  input  capacitance  of  the  preamp  is  only 
a  few  picofarads  and  is  negligible  compared 
to  the  load  resistance  at  the  low  frequencies 
under  consideration  (30-600  hz). 

(2)  The  inductive  reactance  of  the  coil  is  low 
compared  to  the  circuit  resistance.  An 
approximate  calculation  of  the  coil  inductance 
based  on  construction  details  proved  this 
assumption  to  be  valid. 

(3)  Skin  effects  in  the  coil  wire  are  negligible, 
and  the  AC  resistance  equals  its  DC  resistance. 

(4)  The  induced  EMF  in  the  coil  is  a  pure  sine 
wave . 

(5)  The  preanp  is  located  at  the  pickup  coil  and 
its  input  resistance  is  low. 

With  these  assumptions,  an  equivalent  electrical 
circuit  was  analyzed  to  determine  the  coil  current  and 
power  based  on  the  open  circuit  voltage  and  calculated 
coil  resistance  from  the  meter  instruction  bulletin. 

The  power  generated  was  determined  at  the  minimum  flow 
of  30  hz  and  at  the  maximum  flow  corresponding  to  600  hz. 
The  losses  due  to  generated  power  are  0.028  microwatts 
and  11.2  microwatts  respectively. 


-  93  - 


The  generated  power  loss  can  be  reduced  by  at  least 
two  orders  of  magnitude  by  redesign  of  the  pickup  coil 
or  interposing  a  field  effect  transistor  source  follower 
between  the  pickup  coil  and  the  differential  amplifier. 
The  latter  would  also  permit  remote  location  of  the 
differential  amplifier. 

(b)  Eddy  Current  Losses 

As  the  turbine  rotor  blades  pass  the  pickup  coil 
core  pin,  a  change  in  flux  linkages  causes  induced 
currents  in  all  conductors  in  the  region.  This 
includes  the  turbine  rotor,  core  pin,  end  spacer,  body, 
and  coil  housing.  The  eddy  current  losses  in  these 
components  are  calculated  in  the  following  paragraphs. 
The  magnet,  being  ferritic,  is  non-conducting. 

(1 )  Core  Pin 

Calculation  of  the  eddy  current  losses  requires 
a  knowledge  of  the  skin  depth  and  the  time  rate  of 
change  of  the  flux.  The  skin  depth  is  the  distance  from 
the  surface  at  which  the  current  is  l/£  the  surface 
current  density.  The  3kin  depth  is  calculated  from: 
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where 


/I 

c r 


f 


relative  magnetic  permeability 
conductivity,  in  mhos  per  cm^ 
frequency  (30  and  600  hz) 


The  time  rate  of  change  of  flux  is  related  to  the 

induced  EMF  in  the  pickup  coil  through  a  coupling 

coefficient : 

E-  =  -k  N  $-$- 
1  c  dt 

where  E^  =  induced  EMF  in  the  pickup  coil 
kc  =  coefficient  of  coupling 
N  =  number  of  pickup  coil  turns 

=  time  rate  of  change  of  flux  (webers/sec) 
dt 

The  total  eddy  current  loss  in  the  core  pin  is  then 
calculated  from: 

P 


A  L  l  dt 


2  rrtf 


[14 -I  ♦•'*■] 


where  L  =  pin  length 
^2  =  resistivity 

D  =  diameter 

The  core  pin  eddy  current  losses  at  minimum  (30  hz) 
and  maximum  (600  hz)  flow  are  0.04  microwatts  and  3.16 
microwatts  respectively.  These  eddy  current  losses 
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could  be  virtually  eliminated  by  using  a  ferrite  material 
instead  of  iron  or  steel. 

(2)  Coil  Housing 

In  a  similar  fashion,  the  eddy  current  losses  were 
calculated  for  the  coil  housing,  making  certain  approxi¬ 
mations  for  the  geometry  of  the  housing.  'Che  current 
density  was  assumed  constant  throughout  the  shell.  The 
coil  housing  eddy  current  losses  at  minimum  and  maximum 
flow  are  0.108  microwatts  and  43.1  microwatts  respectively. 

These  losses  can  be  greatly  reduced  (by  a  factor  of 
106)  if  the  pickup  coil  housing  is  magnetically  shielded 
from  the  pickup  coil  and  magnet  by  a  ferrite  shell,  or 
by  using  a  ferrite  core  and  cup  assembly  instead  of  a 
separate  core  pin  and  magnet  assembly. 

(3 )  Rotor 

Eddy  current  losses  in  the  rotor  are  large  compared 
to  other  components  and  were  calculated  after  making 
the  following  assumptions  to  simplify  the  geometry; 

(3.1)  Rotor  blades  are  flat. 

(3.2)  Blade  has  a  rectangular  cross  section. 

(3.3)  All  of  the  flux  causing  an  induced  EMF  in 
the  pickup  coil  passes  through  the  rotor 
blades  and  outer  hub.  Tlius  the  flux  varies 
as  a  sine  wave  through  the  following  values; 


96 


o,  o,  +  Pm,  o,  -  $ m  ,  o 

2  2 

as  the  blade  makes  a  half  revolution  past  the 
pickup  coil.  The  condition  P  m  occurs  with 
the  blades  directly  under  the  core  pin. 

(3.4)  Because  of  the  I-beam  type  of  construction  of 
the  hub,  all  of  the  flux  and  losses  will  exist 
ir  the  outer  hub  only. 

(3.5)  At  minimum  flow,  the  skin  depth  is  more  than 
fourteen  times  the  blade  ha If- thickness,  and 
the  eddy  current  density  will  be  assumed 
constant  throughout  at  the  surface  value.  At 
maximum  flow,  skin  depth  calculations  indicate 
that  a  uniform  density  equal  to  90%  of  the 
surface  density  can  be  used. 

Based  on  these  assumptions,  the  total  rotor  eddy 

current  losses  are  12.45  microwatts  at  minimum  flow 

and  5,000  microwatts  at  maximum  flow.  This  is  the  best 

analytical  estimate  of  these  losses,  but  the  assumptions 

and  simplification  of  the  geometry  could  possibly  result 

in  an  estimate  that  is  high  by  a  factor  of  5  to  10.  A 

more  detailed  analytical  estimate  is  not  practical; 

experimental  measurements  on  an  actual  meter  are  required. 

(4)  Coil  Spool,  End  Rings,  End  Spacer  and  Body 

In  a  similar  fashion,  the  eddy  current  losses  were 
calculated  for  the  coil  spool,  end  rings,  end  spacer  and 
body.  For  the  coil  spool,  the  eddy  current  loss  at 
minimum  flow  is  0.289  microwatts  and  at  maximum  flow 
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105.9  microwatts.  This  loss  can  be  eliminated  by  using 
a  non-cor.ductj.ng  material  for  the  coil  spool. 


The  total  body  eddy  current  losses  at  minimum  flow 
are  0.12  microwatts  and  at  maximum  flow  49.4  microwatts. 
Body  eddy  current  losses  may  be  reduced  by  minimizing 
the  volume  of  material  penetrated  by  the  alternating 
flux,  and  by  using  the  highest  resistivity  material 
consistent  with  environmental  and  fabrication  requirements. 
To  achieve  the  former,  redesign  and  miniaturization  of 
the  pickup  assembly  is  required. 

( c )  Hysteresis  Losses 

The  hysteresis  power  losses  can  be  estimated  from: 

watts 


_  ,  „  1.6.. 
Ph  =  kh  f  ^  V 


where  =  the  peak  'Iternating  flux  density  in 

'  kilolines/in^. 


f  =  frequency,  hz 
V  -  volume,  in3 

k,  -  the  hysteresis  constant  for  the  material 
h 


(1)  Core  Pin 

Using  the  above  formula,  the  hysteresis  losses 
in  the  core  pin  are  0.067  microwatts  at  minimum  flow 
and  1.34  microwatts  at  maximum  flow. 
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(2)  Rotor 


The  hysteresis  power  loss  is  proportional  to 
the  area  of  the  B-H  curve  of  the  material,  the  volume 
of  the  material  traversing  the  loop,  and  the  number  of 
times  the  loop  is  traversed  per  second.  For  the  rotor 
blades,  a  non- symmetrical  loop  is  traversed  at  a  varying 
rate.  However,  only  a  small  error  will  be  made  by 
assuming  a  symmetrical  loop  (to  -Bm)  is  traversed  at  a 
rate  equivalent  to  once  per  revolution  per  blade.  The 
actual  power  loss  will  be  about  75%-85%  of  that 
calculated. 

The  hysteresis  loop  traversed  by  each  rotor 
hub  section  is  symmetrical  between  +  — ^  and  -  -L~ 

and  is  traversed  once  per  revolution.  The  rotor  total 
hysteresis  loss  is  0.132  microwatts  at  minimum  flow  and 
2.64  microwatts  at  maximum  flow. 

(3 )  Magnet 

The  calculation  of  magnet  hysteresis  losses  is 
based  on  the  following  assumptions: 

(3.1)  The  magnet  volume  traversing  a  minor  hysteresis 
loop  is  that  volume  directly  behind  the  core 
pin. 

(3.2)  The  Steinmetz  coefficient  (kR)  for  Indox  is 
5  x  10~3  joules/cycle-kiloline-inch. 
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Based  on  these  assumptions,  the  hysteresis  losses 
in  the  magnet  are  171  microwatts  at  minimum  flow  and 
3420  microwatts  at  maximum  flow.  These  losses  seem  high, 
and  raise  the  theoretical  question  of  whether  the  internal 
flux  of  a  permanent  magnet  can  be  varied  by  merely  varying 
the  reluctance  of  the  external  path. 

In  addition,  the  Steinmetz  coefficient  of 
5  x  10~3  assumed  for  Indox  I  could  be  as  small  as  10  ^ 
at  the  flux  levels  in  question.  Therefore,  the  estimated 
magnet  hysteresis  losses  may  be  high  by  a  factor  of  5. 

(d)  Calculation  of  Rotor  Retarding  Torque 

A  tabulation  of  the  various  losses  calculated  in  the 
previous  sections  is  given  in  Table  I.  These  values  in 
watts  must  be  converted  to  torque  with  the  use  of  the 
expression : 


T  =  0.1175  ft-lb 

f 

where  N  -  number  of  turbine  blades 
P  =  power  losses  in  watts 
f  =  output  frequency,  hz 
Based  on  the  assumptions  used,  a  worst  case  and  a 
most  optim: Stic  case  total  retarding  torque  can  be 
calculated.  For  the  worst  case,  the  retarding  torque 


100 


is  1.1  x  10  3  in-oz  at  minimum  flow  and  2.59  x  10~3  in-oz 

at  maximum  flow.  For  the  most  optimistic  case  at  minimum 

-4 

flow,  the  retarding  torque  is  0.72  x  10  in-oz  and 
0.512  x  10~3  in-oz  at  maximum  flow.  These  values  are 


then  entered  in  the  overall  rotor  torque  balance  equation 
to  determine  the  actual  rotor  speed. 

In  conducting  thi6  analysis,  several  suggestions 


were  made  for  lowering  the  retarding  torque.  By  redesign 
of  the  pickup,  these  torques  could  probably  be  lowered  by 


at  least  one  order  of  magnitude  and  possibly  two. 


TABLE  I 

LOSSES  FOR  MAGNETIC  PICKUP  FLOWMETER 


Loss  and  Type 

A.  Generated  Power 
Pickup  Coil  and  Load 

B.  Eddy  Current  Losses 


Min.  Flow  Max.  Flow 

0.028  11.20 


Core  Pin 

0.040 

3.16 

Coil  Housing 

0.108 

43.10 

End  Spacer  and  Body 

0.123 

49.35 

Rotor 

12.450 

5000.00 

Coil  Spool 

0.289 

105.90 

C.  Hysteresis  Losses 

Core  Pin 

Rotor 

Magnet 


0.067 

0.132 

171.000 


1.34 

2.64 

3420.00 


TOTALS 


184.24  8636.69 


101 


2.  RF  Pickup 


An  analysis  of  the  RF  pickup  and  preamplifier  circuit 
was  conducted  for  the  Fischer  and  Porter  Model  10C1510 
turbim  flowmeter  (2"  225  gpm) .  An  RF  pickup  is  desirable 
for  some  applications,  since  the  modulation  method  of  signal 
generation  eliminates  magnetic  drag  on  the  rotor  assembly, 
thereby  appreciably  extending  the  lower  nominal  flow  rate 
range  of  the  meter-  Combined  with  minimum-torque  bearings 
in  the  rotor  assembly,  the  meter  is  able  to  operate  over 
extended  linear  flow  ranges  (up  to  75:1). 

The  RF  pickup  differs  from  the  magnetic  pickup  in  that 
an  externally  powered  oscillator/preamplifier  applies  a 
high  frequency  carrier  signal  to  the  pickup  coil.  As  the 
rotor  blades  cut  the  field  of  the  coil,  the  amplitude  of 
the  carrier  signal  is  modulated  at  a  rate  corresponding  to 
the  rotor  speed,  and  hence,  proportional  to  flow  rate.  This 
modulated  signal  is  in  turn  detected,  amplified,  and  shaped 
by  the  oscillator/preamplifier  for  transmission.  The  turbine 
rotor  assembly  and  meter  operation  are  similar  in  some  ways 
to  an  induction  motor  rotor,  although  there  is  no  intention 
to  purposely  "drive"  the  rotor.  As  will  be  shown  below, 
this  possibility  does  exist  and  was  examined  to  define  the 
magnitude  of  driving  torques. 
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(a)  General  Conclusions 


Based  on  the  analysis  of  an  induction  motor  "model," 
it  was  concluded  that  an  accelerating  (positive)  torque 
will  be  supplied  to  the  rotor  by  the  pickup.  Some  of 
the  logic  and  factors  that  led  to  this  conclusion  are 
outlined  below: 

(1)  The  pickup  coil  is  supplied  with  single  phase 
excitation;  therefore;  there  is  no  directional 
preference  inherent  in  the  construction. 

(2)  The  synchronous  speed  of  the  pickup  coil 
excitation  is  very  greatly  in  excess  of  the 
rotor  speed;  therefore,  only  motor  action 
can  result  and  all  “motor  losses"  must  be 
supplied  by  the  instrumentation.  These  motor 
losses  include  all  eddy  current  losses  in  the 
conducting  materials  within  the  field  of  the 
pickup  coil  and  all  hysteresis  losses  in  all 
magnetic  materials  within  the  field  of  the 
pickup  coil. 

(3)  The  "motor  losses"  not  included  are  fluid 
friction  and  bearing  losses,  since  it  is 
assumed  that  these  losses  are  chargeable 
to  the  flu?d  being  metered. 

(4)  A  retarding  torque  cannot  be  supplied  to  the 
rotor  because  for  the  single  phase  induction 
motor  type  construction,  braking  is  impossible. 
Also,  rotor  speeds  in  excess  of  the  pickup  coil 
exciting  current  are  impossible  by  design,  and 
induction  generator  action  is  precluded. 

(b)  Induction  Motor  "Model" 

Because  of  the  possibility  that  the  RF  pickup 
circuit  would  "motor"  the  rotor,  it 
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was  desirable  to 


determine  the  magnitude  of  this  torque  and  the  maximum 
influence  on  the  rotor  torque  balance.  This  maximum 
driving  torque  was  calculated  from  an  induction  motor 
model  based  on  the  following  assumptions: 

(1)  The  induction  motor  is  two-pole  single  phase 
with  a  squirrel-cage  single-turn  rotor. 

(2)  The  skew  of  the  blades  due  to  the  helical  lead 
is  neglected. 

(3)  The  rotor  speed  is  so  slow  compared  to 
synchronous  speed  that  essentially  the  starting 
torque  is  being  calculated. 

(4)  The  maximum  flux  developed  in  the  pickup  coil 
core  is  not  attenuated  by  passage  through  the 
stainless  steel  body.  Actually,  at  35  to  40  khz, 
the  flux  might  be  reduced  by  a  factor  of  5  or  10. 
For  purposes  of  computation,  the  30  maxwells 
estimated  will  be  reduced  to  10  maxwells. 

With  these  assumptions,  the  rotor  constants  were 
calculated  and  the  rotor  power  determined.  The  induced  EMF 
in  the  rotor  is  15.6  millivolts  with  a  current  of 
1.32  amps.  For  the  given  geometry  and  rotor  speeds, 
this  corresponds  to  a  driving  torque  of  1.4  x  10-5  in-oz. 
This  torque  does  not  vary  from  maximum  flow  to  minimum 
flow,  because  at  maximum  flow  the  induction  motor  slip 

S„  -  8 

S  =  — 2 -  =  0.995 

s 

indicating  that  it  is  essentially  starting  torque  that 
is  supplied. 
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The  driving  torque  estimated  is  the  maximum  influence 


that  can  be  expected,  and  the  actual  torque  may  be 
considerably  less.  The  estimated  RF  pickup  torque  is 
used  in  the  overall  rotor  torque  balance.  However,  it 
is  very  small  in  magnitude  compared  to  the  other  terms, 
and  one  can  essentially  assume  that  the  RF  pickup  has 
little  influence  on  the  rotor  speed  in  comparison  with 
the  magnetic  pickups. 


]  nr> 


V. 


INSTAMATION  EFFECTS  ON  TURBINE  FLOWMETERS 

A  literature  search  aimed  at  producing  information 
on  empirical  factors  used  by  commercial  turbine  meter  manu¬ 
facturers  to  account  for  the  effects  of  upstream  geometry 
and  installation  effects  yielded  very  little  useful  in¬ 
formation.  Unfortunately,  coverage  of  the  subject  in  most 
leferences  is  restricted  to  general  qualitative  remarks  or 
to  limited  test  data  for  a  specific  flowmeter  in  a  specific 
test  installation  which  cannot  be  generalized. 

Because  of  an  apparent  lack  of  data  in  the  published 
literature,  several  turbine  flowmeter  manufacturers  were 
questioned  on  this  and  other  points,  and  a  questionnaire 
was  prepared  and  distributed  to  organizations  represented 
on  the  ICRPG  Experimental  Measurements  Committee.  Responses 
to  these  questionnaires  (detailed  in  Appendix  D)  yielded 
very  little  organized  data,  although  several  organizations 
have  bits  and  pieces  of  unreduced  data  dealing  with  these 
ef  fects . 

A .  Upstream  Pipeline  Configuration 

Of  the  literature  reviewed,  the  most  useful  report 
dealing  specifically  with  the  influence  o_  upstream  piping 
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on  the  turbine  flowmeter  registration  was  supplied  by 
Potter  Aeronautical  Corp.,  Reference  33.  The  objective 
of  the  report  was  to  determine  the  effect  of  flow  straight- 
eners  on  performance  of  the  standard  series  Pottermeter 
Model  7/8-27  installed  in  various  velocity  profile  dis¬ 
tortion  and  swirl-inducing  piping  configurations.  Since 
these  tests  were  conducted  specifically  to  study  piping 
effects,  the  data  could  be  more  conveniently  analyzed  than 
data  from  other  references  where  piping  effects  were  of 
secondary  importance  and  other  parameters  changed  from 
test  to  test. 

To  obtain  a  qualitative  estimate  of  piping  effects 
fran  the  Potter  data,  plastic  overlays  of  the  test  data 
were  prepared  to  visualize  the  introduction  of  an  elbow, 
straightener ,  etc.,  as  it  appeared  in  the  calibration 
curves . 

The  first  test  consisted  of  a  control  or  standard 
"straight  run”  primary  calibration  with  approximately 
85"  of  straight  section  piping  upstream  of  the  7/8"  meter 
and  approximately  24"  of  straight  section  downstream.  In 
addition,  a  flow  straightener  was  installed  13"  upstream 
of  the  meter.  This  reference  calibration  will  be  re¬ 
ferred  to  as  Test  A. 
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In  Test  B  the  flow  straightener  was  moved  to  a  position 
immediately  upstream  of  the  meter.  The  calibration  was 
virtually  identical  to  Test  A,  except  that  registration 
was  lower  at  all  flow  rates  by  approximately  0.05%. 

Tests  C  and  D  were  conducted  with  a  straightener  im¬ 
mediately  upstream  of  the  meter  and  a  piping  configuration 
which  included  a  mitered  elbow  1-1/2"  upstream  of  the 
straightener.  An  AN  821-16  elbow  was,  in  turn,  approxi¬ 
mately  6"  upstream  of  the  mitered  elbow. 

Without  the  flow  straightener,  the  meter  registered 
lower  flows  (than  Test  A)  over  a  large  portion  of  the 
flow  range.  However,  with  the  overlays,  it  is  possible 
to  shift  the  data  so  that  the  points  virtually  coincide 
with  Test  A  by  increasing  the  low  flow  rates  by  as  much 
as  0.13%  and  reducing  the  high  flow  rates  by  0.02%.  In¬ 
troduction  of  the  flow  straightener  does  not  eliminate 
the  error,  but  rather  it  causes  the  reverse  to  happen, 
the  meter  reads  low  at  Uie  high  flow  rates  and  coincides 
wi  rh  Test  A  at  iov  flows  Tr.  this  case  the  data  are  0.17% 
low  at  high  flow  rates. 

Tests  E  and  F  reversed  the  relative  positions  of  the 
n.itered  elbow  and  the  AN  821-16  elbow.  Without  the 
straightener,  the  meter  registration  was  significantly 
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lower  for  all  flow  rates  than  of  the  previous  cases. 
However,  the  shape  of  the  curve  was  similar  to  Test  A, 
and  the  data  could  be  made  essentially  equal  by  shift¬ 
ing  it  upward  by  0.71%  at  low  flow  and  0.51%  at  high  flow. 
The  introduction  of  a  flow  straightener  did  result  in 
a  significant  improvement  in  meter  registration,  although 
all  flows  read  less  than  Test  A  by  about  0.20%. 

It  should  be  mentioned  that  the  plane  of  the  elbows 
relative  to  each  other  and  the  meter  was  not  specified 
for  these  tests.  These  relationships  have  a  direct  bear¬ 
ing  on  meter  registration  and  must  be  kept  tne  same  in 
switching  line  components  for  comparison  tests.  There 
is  no  quantitative  way  to  predict  how  the  mitrered  elbow  - 
AN  821-16  elbow  combination  gives  significantly  lower 
meter  readings  than  the  reverse.  Qualitatively,  it 
appears  that  a  mitered  elbow  downstream  of  a  smooth 
radius  elbow  tends  to  disorganize  the  swirl  produced 
by  it,  where  in  the  reverse  case  the  swirl  generated  by 
the  smooth  elbow  is  passed  directly  into  the  meter. 
Unfortunately,  neither  of  these  elbows  was  tested 
separately  upstream  of  the  meter  to  determine  the  relative 
changes  in  meter  registration. 
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Tests  G  and  H  were  conducted  with  a  single  1-1/2" 
radius,  90°  copper  elbow  (different  from  the  previous 
tests)  6"  upstream  of  the  meter,  followed  by  a  3"  straight 
section,  an  AN  821-16  elbow,  a  hcse  with  a  90°  bend,  a 
second  AN  821-16  elbow  and  a  straight  discharge  pipe. 
Without  the  straightener ,  the  meter  registration  was  low 
at  all  flow  rates  by  0.89%.  By  raising  each  data  point 
by  these  values,  the  curve  could  be  made  coincident  with 
Test  A.  The  introduction  of  the  flow  straightener  re¬ 
sulted  in  a  considerable  improvement  in  registration, 
with  the  meter  reading  low  by  only  0.38%. 

Tests  I  and  J  were  conducted  to  determine  the  im¬ 
portance  of  downstream  piping,  using  a  90°  copper  elbow 
and  other  plumbing  of  Test  G  downstream  of  the  meter, 
with  a  72"  straight  section  upstroam.  For  these  tests 
the  flow  straightener  was  installed  on  the  downstream 
side  of  the  meter.  Without  the  straightener  the  meter 
registered  low  by  0.33%  at  low  flow  rates  and  low  by 
0.07%  at  high  flow  rates.  With  the  straightener  the 
test  data  were  closer  to  Test  A,  being  0.18%  low  at 
low  flows. 

As  would  be  expected.  Tests  I  and  J  illustrate 
qualitatively  that  upstream  piping  is  much  more  important 
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than  downstream  piping,  although  a  straightener  does  help 
to  a  limited  degree  where  complicated  plumbing  is  very 
close  to  the  meter  exit  on  the  downstream  side. 

Tests  k  and  L  were  conducted  with  a  1"  hose  up¬ 
stream  of  the  meter,  secured  in  a  bent  "S"  condition 
with  reverse  curves  of  3”  radius  through  90  .  Approxi¬ 
mately  12"  .^vnstieam  of  the  meter  was  an  AN  821-16  elbow, 
followed  by  6"  of  straight  section,  followed  by  a  mitered 
elbow.  Without  the  straighter.ers ,  the  meter  registered 
lower  than  any  of  the  previous  tests  (low  by  0.93%). 
Introduction  of  the  straightener  improved  the  readings, 
which  were  then  low  by  only  0.10%. 

From  the  tests  with  the  "S"  bend  hose  and  the  1-1/2" 
radius,  90  elbow,  it  is  apparent  that  long  moderate 
radius  bends  have  a  more  significant  influence  on  meter 
error  than  a  sharp  mitered  elbow.  However,  the  reader 
should  be  cautioned  that  data  shifts  mentioned  for  the 
Potter  tests  cannot  and  should  not  be  used  in  any  way 
to  correct  meter  factors  for  similar  installations  the 
reader  may  encounter  Generally,  the  velocity  profile 
downstream  of  a  series  of  disturbances  is  a  function  of 
the  Reynolds  Number,  pipe  diameter,  flow  rate,  friction 
factor,  spacing  between  components  and  radius  of 
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curvature.  Test  conditions  would  have  to  be  virtually 
identical  to  the  Potter  tests  to  be  able  to  use  the  meter 
correction  factors  mentioned  above  if  a  flow  straightener 
was  not  used. 

The  Potter  tests  do  point  out  the  importance  of  the 
use  of  a  flow  straightener  upstream  of  the  meter,  but 
since  the  design  of  the  straightener  was  not  available, 
little  can  be  said  about  its  merits  relative  to  other 
designs.  There  is  no  guarantee  that  flow  straighteners 
of  another  manufacturer  or  of  a  different  size  will  behave 
with  the  same  characteristics. 

Although  the  Potter  test  report  was  the  most  useful 
reference  available  dealing  specifically  with  piping  ef¬ 
fects,  the  test  configurations  deserve  constructive 
criticism  on  the  following  points: 

1 .  Combinations  of  several  types  of  elbows 
were  introduced  both  upstream  and  down¬ 
stream  of  the  meter  without  determining 
the  effect  of  each  of  these  components 
individually . 

2.  The  planes  of  the  elbow  were  not  specified 
in  relationship  to  each  other  and  the  meter, 
and  the  straightener  design  was  not  available. 
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3.  The  degree  of  damping  is  a  function  of 
line  length,  but  the  length  of  line  be¬ 
tween  components  in  the  same  configura¬ 
tion  was  not  a  parameter  in  the  study. 

4.  Test  data  were  presented  as  a  plot  of 
total  cycles  per  100  lbs.  of  water,  without 
defining  a  reference  temperature  or  correct¬ 
ing  for  specific  gravity  variations  with 
temperature  from  test  to  test. 

5.  The  standard  "straight  run”  primary  calibra¬ 
tion  (Test  Al  against  which  all  subsequent 
tests  were  compared,  is  based  on  the  use 

of  a  flow  straightener  13"  upstream  of  the 
meter,  yet  in  subsequent  tests  with  various 
piping  configurations  the  straightener  was 
placed  immediately  upstream  of  the  meter 
inlet . 

These  remark,  are  not  intended  to  be  critical  of 
Potter,  since  they  have  made  a  significant  contribution 
in  the  form  of  test  data  which  others  have  not  obtained. 
The  major  point  to  be  made  is  that  meter  manufacturers 
or  users  in  general  have  not  had  the  funds  and/or  the 
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t imc  to  explore  in  3  control  led  fashion  3ll  the  parameters 
involved  in  the  influence  of  upstream  piping  on  reter 
registration,  and  it  is  quite  unlikely  that  these  data 
will  be  obtained  without  the  funding  of  tests  for  this 
specific  purpose. 

Fischer  &  Porter  conducted  some  tests  with  a  1-1/2" 
flowmeter  down stream  of  various  elbows,  reducers,  and 
a  flow  straiqhtener.  Unfortunately,  the  spacing,  elbow 
radius  of  curvature,  etc.,  are  not  specified.  Fischer 
&  Porter  also  conducted  comparative  tests  of  their 
meters  with  those  of  Cox,  Potter  and  Waugh  to  determine 
their  sensitivity  to  a  flow  swirler  upstream  of  the  meter: 
unfortunately,  the  degree  of  swirl  for  these  tests  was 
not  defined. 

Data  obtained  or.  piping  effects  as  a  secondary 
effort  in  a  larqe  program  tend  to  have  so  many  qualifi¬ 
cations  that  restrict  the  data  to  a  given  configuration 
that  the  information  cannot  be  generalized.  In  a  study 
of  Jupiter  missile  flowmeters.  Reference  34,  flowmeter 
alignment  and  orientation  were  investigated.  Distinct 
calibration  shifts  were  produced  by  rotating  the  flow¬ 
meter  on  its  axis  to  the  next  set  of  bolt  holes  on 
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the  mating  flange.  After  some  investigation  it  was  de¬ 
termined  that  the  relative  orientation  of  the  LOX  tank 
exit  anti-vortex  assembly  and  the  meter  had  a  direct 
bearing  on  the  calibration.  The  noted  effect  was 
peculiar  to  that  particular  installation. 

In  a  similar  fashion,  an  in-place  flowmeter  calibra¬ 
tion  system  was  established  for  the  Apollo  Service 
Module  Propulsion  Syscem,  Reference  35.  Flowmeters 
were  calibrated  with  water  in  four  configurations:  a 
straight  pipe,  the  F-3  propellant  feed  lines  with  an 
in-place  calibration  "tee,"  the  feed  lines  with  the 
engine  interface,  and  the  feed  lines  with  the  engine 
interface  plus  a  "jumper"  extension.  Although  the  calibr 
tions  show  the  influence  of  these  piping  configurations 
on  the  flowmeter  constant,  the  calibration  shifts  are 
peculiar  to  that  given  installation,  since  component 
spacings,  fluids,  etc.,  were  not  changed  for  a  given 
configuration , 

An  indication  of  the  complexity  of  the  problem  can 
be  found  in  reviewing  References  10  and  11.  zanker^1-1 
discusses  the  development  of  a  flow  straightener  for 
use  upstream  of  an  orifice-plate,  although  some  of  the 
philosophy  applies  to  turbine  flowmeters  where  the 


objective  is  to  reduce  swirl.  The  most  important  parameter 
in  piping  effects  is  the  meter  approach  velocity  distribu¬ 
tion  as  influenced  by  Reynolds  Number,  pipe  diameter, 
flow  rate,  friction  factor,  settling  lengths,  pipe  bend 
radius  of  curvature,  etc.,  some  of  which  are  dependent 
variables.  Zanker  studied  the  swirl  damping  properties 
of  straighteners  and  found  that  certain  straightener 
designs  for  certain  flow  situations  can  actually  re¬ 
tard  the  process  of  achieving  a  normal  pipe  velocity 
distribution.  There  are  several  types  of  swirl,  the 
most  easily  simulated  being  the  solid  body  rotation  type 
swirls  generated  with  an  impeller  or  rotating  perforated 
plate  and  the  free  vortex  or  constant  energy  type  swirl 
produced  by  guide  vanes.  Very  strong  swirls  can  be  pro¬ 
duced  in  this  fashion  that  persist  much  longer  than 
those  due  to  axial  velocity  disturbances  and  are  recom¬ 
mended  as  part  of  a  test  program  to  study  the  influence 
of  swirl  on  meter  registration. 

West  in  Reference  11  discusses  the  importance  of 
velocity  distribution  in  pipes  downstream  of  a  bend, 
and  observed  bend  loss  coefficients.  He  emphasizes 
the  fact  that  the  velocity  distribution  before  the  bend 
and  the  appropriate  Reynolds  Number  range  must  be 
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considered  carefully  because  tests  on  a  particular  bend 
and  pipe  arrangement  are  only  applicable  to  that  ar¬ 
rangement,  since  these  parameters  (as  previously  men¬ 
tioned)  have  a  direct  influence  on  the  results.  Velocity 
profiles  at  different  diameters  downstream  of  a  bend  are 
given  for  different  radius  bends  and  a  given  inlet 
velocity  condition. 

The  technical  approach  of  West  is  well  organized 
and  defined.  For  example,  flow  through  a  bend  is  con¬ 
sidered  by  defining  the  two  radii  and  the  angle  of  de¬ 
flection.  In  addition,  the  inner  wall  roughness  of  the 
bend  and/or  the  roughness  height  relative  to  the  pipe 
bore  must  be  known  and  must  be  related  to  the  relative 
roughness  of  the  pipes  before  and  after  the  bend.  The 
velocity  distribution  before  the  bend  and  the  appro¬ 
priate  Reynolds  Number  range  are  specified.  Velocity 
profiles  at  various  distances  downstream  of  the  bend 
are  obtained  with  pitot  traverses.  The  measure  of  bend 
influence  is  categorized  by  two  ratios,  Vmean/Vcentre 
and  V^anA^x  where: 

Vmean  =  the  mean  velocity  in  pipe 
^centre  =  the  central  velocity  in  the  pipe 
vmax  =  the  maximum  velocity  at  the  peak  in 

the  velocity  profile  curve 
-  117  - 


I 


These  ratios  also  allow  for  the  description  of  sym¬ 
metric  profiles.  West  found  that  turbulent  flow  through 
a  typical  bend  required  40  diameters  for  the  velocity 
profile  to  recover. 

By  carefully  organizing  a  detailed  test  program 
that  accurately  defines  and  records  the  test  parameters 
previously  mentioned,  a  significant  advance  can  be  made 
in  determining  the  importance  of  upstream  piping  on 
turbine  flowmeter  calibration  constants,  but  this  type 
of  organized  approach  in  any  detail  has  not  beer  con¬ 
ducted  to  date. 

B .  Vibration 

The  effect  of  vibration  on  turbine  flowmeter  per¬ 
formance  has  been  discussed  in  very  few  references. 
However,  Potter  Aeronautical  provided  a  qualification 
test  report  on  their  Model  1-5851  1.5-to-25  gpm 

turbine  flowmeter  which  was  mounted  on  a  vibration  ma¬ 
chine  and  tested  at  NASA-MSFC.  The  test  sequence  con¬ 
sisted  of  a  resonance  search,  random  vibration,  and 
a  post-vibration  calibration  for  comparison  with 
earlier  calibrations.  Details  of  the  test  sequence  and 
results  from  Reference  12  are  outlined  below: 
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1 .  Resonance  Search 


II  A  constant  flow  of  approximately  one-half  full  scale 

j  was  maintained  through  the  meter  during  resonance  search 

testing.  Along  each  of  its  three  mutually  perpendicular 
axes,  the  flowmeter  was  subjected  to  sine  wave  vibration 
sweeps  at  a  maximum  of  5  g's  peak  input  level  to  the  vibra 
tion  equipment.  The  duration  of  each  sweep* was  no  more 
than  5  minutes.  Two  sweeps,  one  increasing  frequency 
{20  cps  -  2000  cps)  and  one  decreasing  frequency 

« 

(2000  cps  -  20  cps),  were  applied.  Output  of  the  flow¬ 
meter  was  recorded  on  an  oscillograph.  Axes  are  defined 
in  Figure  9. 

No  internal  resonances  were  noted  during  sinusoidal 
vibration  in  the  20  cps  to  2000  cps  frequency  range. 

No  change  in  output  frequency  occurred  during  vibration. 

2 .  Random  Vibration 

A  constant  flow  of  approximately  one-half  full  scale 
was  maintained  through  the  meter  during  random  vibration 
testing.  Random  vibration  was  applied  to  the  flowmeter 
along  each  of  its  three  mutually  perpendicular  axes  ac¬ 
cording  to  -the  following  schedule.  Axes  are  defined  in 
Figure  9. 


L  9 


VERTICAL  (RADIAL 
PARALLEL  TO  COIL) 


AXIS  IDENTIFICATION  FOR  VIBRATION  TESTS 


20  to  200  cps  -  2db/octave 

201  to  700  cps  -  0.64  g2/cps 

701  to  900  cps  -  17.5  db/octave 

901  to  2000  cps  -  0.15  g2/cps 

Permanent  oscillograph  recordings  were  taken  of  the 
meter  output  before,  during,  and  after  vibration.  Meter 
output  was  recorded  directly,  then  fed  through  the  con¬ 
verter  input  filter  circuit  and  recorded,  unless  vibra¬ 
tion  produced  no  noticeable  noise  in  the  output. 

Very  little  output  noise  was  detected  during  vibra¬ 
tion  in  the  axial  direction  and  in  the  radial  direction 
parallel  to  the  pickup  coil;  no  input  filter  was  used  be¬ 
tween  the  flowmeter  and  the  oscillograph.  Noise  appeared 
during  random  vibration  in  the  radial  direction  perpendicu¬ 
lar  to  the  pickup  coil;  therefore  an  input  filter  was  used 
Oscillograph  recordings  were  obtained  during  random  vibra¬ 
tion  which  indicated  that  the  flowmeter  performed  satis¬ 
factorily  during  random  vibration,  and  no  change  in  output 
frequency  occurred. 

3 .  Post-Vibration  Calibration 

After  all  vibration  tests  were  completed,  the  flow¬ 
meter  was  calibrated  to  determine  whether  vibration  had 
affected  calibration. 
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Results  of  the  post-vibration  calibration  are  given 
in  Table  II.  Deviation  or  non-repeatibility  of  the 
median  "K"  factor  of  the  post-vibration  calibration  from 
the  average  of  median  "K"  factors  of  the  pre-environmenta.L 
test  calibration  verification  was  -0.037%;  a  maximum  of 
±0.5%  was  allowable.  No  physical  damage  was  noted. 

Data  from  these  tests  indicate  that  the  meter  was 
susceptible  to  random  vibration  along  only,  one  axis,  and 
the  noise  that  appeared  on  the  output  was  not  critical, 
since  no  change  in  output  frequency  occurred. 

Based  on  the  results  of  the  vibration  testing  of 
the  Pottermeter,  vibration  does  not  have  a  significant 
effect  on  meter  registration  up  to  5  g's  peak  input  level. 

Similar  test  data  on  meters  of  other  manufacture  were 
not  available.  Fischer  Sc  Porter  did  provide  a  communica¬ 
tion  concerning  the  vibration  results  on  a  3/4"  turbine 
meter.  In  this  case,  only  the  axial  component  was  sig¬ 
nificant,  with  no  effects  when  the  vibration  was  purely 
transverse.  The  axial  vibration  of  8  g's  peak  level 
was  examined  by  Fischer  &  Porter  as  a  type  of  pulsation 
error  similar  to  the  axial  vibration  of  a  long  column 
of  flowing  water  in  a  long  length  of  pipe.  The  worst 
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TABLE  II 
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case  is  a  combination  of  low  frequency  at  high  g  levels 
at  the  low  end  of  the  flow  range.  Even  in  this  case, 
errors  of  0.1  to  0.2%  at  low  flow  would  be  present  only 
for  a  meter  mounted  in  a  3  or  4  ft.  length  of  pipe 
vibrated  at  frequencies  below  200  cps. 

Based  on  the  test  reports  available,  meter  vibra¬ 
tion  does  not  lead  to  significant  meter  err6rs  for  the  types 
tested  up  to  8  g's.  Fischer  &  Porter  has  had  no  complaints 
in  the  field  about  error  from  external  vibration,  except 
that  caused  by  increased  wear.  Internally  generated 
vibration  is  avoided  by  most  meter  manufacturers  by 
statically  and  dynamically  balancing  the  rotors  and  care¬ 
fully  controlling  bearing  clearances.  For  the  reasons 
given  above,  vibration  effects  were  not  included  in  the 
turbine  meter  performance  model. 

C.  Acceleration 

Because  very  few  turbine  flowmeter  users  or  manu¬ 
facturers  have  access  to  a  centrifuge,  there  are  very 
few  references  available  on  the  effects  of  acceleration. 

Two  references  were  obtained,  both  dealing  with  Potter 
units,  that  included  a  rather  detailed  description  of 
acceleration  effects.  Potter  Aeronautical  provided  a 
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qualification  test  report  on  their  Model  1-5851, 

1.5  to  25  gpm  turbine  flowmeter  which  was  mounted  on 
a  centrifuge  (Reference  12) . 

A  constant  flow  of  1.68  gpm  was  maintained  during 
acceleration.  The  least  fluctuation  occurred  when  the 
flowmeter  was  mounted  with  acceleration  applied  along 
the  axial  axis.  The  largest  fluctuation  occurred  when 
the  flowmeter  was  accelerated  along  the  radial  axis 
perpendicular  to  the  coil ,  but  the  fluctuation  did  not 
exceed  allowable  limits.  Shifts  in  output  frequency 
for  10  g's  acceleration  are  given  in  Table  III  from 
Reference  12.  Deviation,  or  non-repeatibility  of  the 
median  "K"  factor  of  the  post-acceleration  calibrations 
from  the  average  of  median  "K"  factors  of  the  pre- 
environmental  test  calibration  verification  was  no 
more  than-0.08%,  well  within  the  specified  ±0.5%. 

The  small  acceleration  error  observed  is  presum¬ 
ably  due  to  increased  bearing  drag.  There  is  no  ap¬ 
parent  explanation  for  the  increased  error  with  the 
radial  load  as  opposed  to  the  axial  load. 

Acceleration  tests  on  a  1"  Potter  flowmeter  are 
described  in  Reference  13  for  both  high  frequency  and 
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EFFECTS  OF  ACCELERATION  ON  OUTPUT  FREQUENCY 
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low  frequency  models.  The  results  of  these  tests  are 
shown  in  Figures  10  and  11  for  accelerations  up  to 
25  g's.  The  high  frequency  units  appear  to  be  rela¬ 
tively  insensitive  to  acceleration,  whereas  the  low 
frequency  units  are  susceptible  at  lower  flow  rates 
for  accelerations  exceeding  10  g's. 

The  error  due  to  acceleration  is  non-linear  with 
acceleration,  with  distinct  breaks  in  the  curve  making 
it  difficult  to  use  the  data  for  empirical  correlations. 
Also,  the  meters  were  not  identified  as  to  bearing  type, 
which  is  essential  to  an  adequate  description  of  bearing 
drag. 
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PERCENT  ERROR 


ACCELERATION  G'S 


FIGURE  10 

EFFECT  OF  ACCELERATION  ON  HIGH  FREQUENCY, 
ONE  INCH,  MISSILE  TYPE  FLOWMETER  (POTTER) 
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PERCENT  ERROR 


FIGURE  II 
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EFFECT  OF  ACCELERATION  ON  LOW  FREQUENCY, 
ONE  INCH,  MISSILE  TYPE  FLOWMETER  (POTTER) 


VI.  NUMERICAL  METHOD  AND  EXAMPLES 


A.  Summary  of  Equations 

Derivation  of  the  pertinent  equations  used  in  the  per¬ 
formance  model  were  given  in  Section  IV.  These  equations 
must  be  assembled  into  an  iteration  scheme  which  keeps 
assuming  a  rotor  speed  until  a  balance  is  achieved  between 
the  driving  torques  and  the  retarding  torques?  i.e.,  until 
the  net  torque  is  effectively  zero.  A  summary  of  these 
equations  from  the  previous  sections  is  given  below: 


Driving  Torque 


(tan  Jp  -  tan  )  r  dr 


'rotor 


-  H  J*T  -  "2 


V=v*  Nc 


( ) tan  *  +(  rh)1”  ^i] 


1  + 


,1  +  q 


|  tan  £ 
rotor 


i —  \  tan  /2 


i  +  q  I  '  1 

rotor 


r  r 


(1) 
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where 


tan 


/  ; 
L. 


for  helical  jtoi 


Y> 


constant  tor  fiat  blade 


for  meters  with  a  preswirler 


tan  ! 


r  u> 

- -  for  meters  with  conventional  flow 

Vz  straightener 
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Blade  Tip  Clearance  Drag 


T 

BT 

whe  re  Re 

c 

t 


2 


JLHZ8 —  uj  R  ctN 

( Re  )  0  •  4  3  /  a  T 

r  RT  (Hb  -  V 

stt 

/ 

blade  chord  a',  the  tip 
blade  thickness 


(3) 


rickup  Drag 


Pickup  Drag  =  T 


(4) 


where  T  =  constant  for  an  RF  pickup  from  Section  IV  (L) 


*  a  +  b  u)  for  a  magnetic  pickup  baBed  on 
the  analysis  in  Section  IV (L) 


Bearing  Drag 

Bearing  Drag  =  T  (5) 

BRL 

where  the  bearing  drag  is  obtained  as  a  function  of  speed 
and  load  from  experimental  data  such  as  shown  in  Figure  8, 
Section  IV (K) . 
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To  obtain  the  bearing  drag,  the  bearing  thrust  load  is 
calculated  from  the  expression: 


where  Mr  =  rotor  mass 

^  =  angle  between  meter  axis  and  vertical 

{i.e.,  90°  if  horizontal) 

Ap  =  pressure  drop  across  the  rotor 
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The  option  exists  in  the 
bearing  for  the  ball  bearing  unit, 
is  replaced  by: 

TJr  •  r.“ 
where  LJB  »  bearing  length 

=  shaft  radius 

f  =  —  if  Re  < 

Re 

0.078 

f  =  “5743  lf  Re  > 

Re 

c  =  radial  clearance 
JB 


substitute  a  journal 
In  this  case,  Equation  5 

(5a) 


r  LO  C 

and  Re  —  8  _ 

~lr 


program  to 


Several  secondary  calculations  and  subroutines  are 
essential  to  use  of  the  equations  given  above.  The  velocity 
profile  is  calculated  in  a  completely  self-contained 
subroutine  based  on  the  equations  given  in  Section  IV(E). 

At  each  given  radius,  this  subroutine  is  entered  and  the 
velocity  at  that  radius  calculated.  A  subroutine  is  also 
U6ed  to  calculate  the  blade  deflection  coefficient  based 
on  the  given  geometry  used  in  conjunction  with  the  equations 
in  Section  IV (A). 
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In  addition  to  the  actual  rotor  speed,  the  program  also 
computes  the  ideal  rotor  speed.  The  "ideal"  rotor  speed  is 
that  speed  at  which  the  rotor  would  operate  for  zero  angle 
of  attack  in  a  flat  velocity  profile  without  blade  inter¬ 
ference  effects  and  with  no  retarding  torques.  It  can  be 
shown  that: 


for  a  meter  with  a  preswirler  and  a  helical  bladed  rotor; 

Ld  =  i Jty, 
i  L 

for  a  meter  without  a  preswirler  and  with  helical  rotor  blades; 


for  a  meter  with  flat  blades  and  no  preswirler. 


B.  Description  of  Computer  program 

The  major  iteration  loop  in  the  computer  program  involves 
the  rotor  speed  which  must  satipty  the  torque  balance: 


(6) 


baaed  on  the  expressions  for  these  terms  given  in  the  preceding 
summary.  The  rotor  speed  either  appears  explicitly  in  these 
equations  or  i-plicitly  through  tan  ^3  and  various  Reynolds 
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number  expressions.  For  the  test  cases  to  be  described  in 
the  following  section,  200  points  were  evaluated  across  the 
rotor  blade  to  determine  and  the  bearing  thrust  load  by 
numerical  integration.  Values  for  turbine  inlet  velocity, 
angle  of  attack,  interference  coefficient,  deflection 
coefficient,  straightener  velocity,  blade  lift  torque, 
blade  drag  torque,  and  net  driving  torque  are  evaluated  at 
each  radius  and  printed  as  shown  in  the  sample  output  in 
Appendix  C. 

Based  on  the  assumed  speed  Cba,  the  net  driving  torque 
is  obtained  from  Equation  (1)  and  the  bearing  thrust  load 
and  retarding  torque  determined  from  Equation  (5).  The  hub 
and  blade  tip  drag  are  calculated  and,  with  the  pickup  drag, 
are  included  in  the  torque  balance,  Equation  (6).  This 
procedure  is  followed  for  two  rotor  speeds  to  determine  the 
behavior  of  the  driving  torque  function  and  to  predict  a 
new  speed.  The  new  estimate  for  rotor  speed  is  usually 
quite  accurate,  and  the  calculation  will  converge  in  three 
or  four  iterations  regardless  of  the  nature  of  the  first 
guess.  With  practice  or  experience  for  a  given  meter,  it 
is  possible  to  guess  the  actual  speed  very  closely.  However, 
for  the  convergence  technique  being  used,  it  is  actually 
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better  to  guess  a  speed  approximately  1%  removed  from  the 
actual  speed,  since  it  allows  the  machine  to  work  with 
larger  differences  in  preparing  its  new  estimate.  Details 
of  the  program  operation  and  preparation  of  input  are  given 
in  Appendix  B. 


C .  Numerical  Results 

To  determine  the  relative  importance  of  various  retarding 
torques  and  effects  included  in  the  performance  model,  a 
grid  of  test  cases  was  prepared.  A  "nominal"  or  reference 
case  was  chosen,  and  then  various  parameters  such  as  flow 
rate,  temperature,  fluid,  bearing  type,  velocity  profile, 
etc.  were  varied  independently  for  comparison  of  the  magnitude 
of  each  effect.  For  the  purposes  of  the  study,  the 
reference  case  was: 


Fluid:  Water 

Temperature :  7  0  °  F 


Ball  bearings 
RF 


capacity  Geometry :  Nominal  geometry 

a.. a  tolerances 

Annular 

(based  on  turbine  area) 


The  geometry  of  a  typical  merer  in  the  2"  size  range, 
Fischer  and  Porter  Model  10C1510  2"  225  gptrv  was  used  to 
evaluate  the  performance  model.  Although  the  performance 
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model  is  readily  adaptable  to  many  meter  designs,  this  model 
was  chosen  because  of  its  straightforward  conventional  design 
and  the  availability  of  detailed  design  information  and 
prints  provided  by  Fischer  and  Porter  Company,  Warminster, 
Pennsylvania.  A  cross  section  of  this  meter;  illustrating 
typical  interior  geometry  used  in  the  program,  is  shown  in 
Figure  12.  The  rotor  has  fourteen  helical  blades. 

The  first  test  case  was  that  for  the  nominal  design, 
to  determine  if  the  program  was  predicting  a  rotor  speed 
and  meter  factor  within  normal  manufacturing  tolerances  of 
what  was  known  to  be  the  actual  rotor  speed.  The  computed 
rotor  speed  was  897.02  radians/sec  with  a  meter  factor  of 
532.99  cycles/gallon,  which  compared  extremely  well  with 
the  manufacturers  nominal  meter-to-meter  mean  rotor  speed 
of  897.60  radians/sec  and  meter  factor  of  533.33  cycles/ 
gallon  in  water  at  70 "F.  The  manufacturer  supplied 
calibration  curves  selected  at  random  for  this  meter  model 
with  meter  factors  of  534.2  and  541.0,  so  the  predicted 
rotor  speed  is  well  within  the  manufacturing  tolerances. 

Other  calculated  data  indicated  that  at  this  speed,  the 
rotor  hub  drag  and  blade  tip  drag  are  the  predominant 
retarding  torques,  of  nearly  equal  magnitude,  providing 
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TURBINE  METER  GEOMETRY 


the  balance  with  the  rotor  driving  torque.  The  bearing 
torque  is  very  small  in  comparison  (less  than  10%)  and  will 
become  an  important  factor  only  at  minimum  flow  rates.  The 
predicted  pressure  drop  is  8.3  psi,  compared  to  8.6  pai 
obtained  by  the  manufacturer.  The  driving  torque  required 
to  overcome  the  retarding  torques  is  very  small,  approximately 
0.0019  ft-lb.  To  provide  this  driving  torque,  the  blades 
are  required  to  operate  at  an  integrated  or  "effective"  angle 
of  attack  of  only  0.076  degees,  although  portions  of  the 
blade  operate  at  angles  of  attack  varying  from  +6.5  degrees 
to  -8.8  degrees. 

The  first  parameter  to  be  varied  was  the  volumetric  flow 
rate  q.  Test  cases  were  run  for  50%  q,  75%  q,  and  nominal  q, 
which  was  225  gpm.  The  rotor  speed, meter  factor,  and  other 
parameters  for  these  cases  were: 

Meter 

Net  Angle  of  Factoi  ‘-O  ^ 

v  ft/sec  Attack,  Deg.  <5  P,  psi  cycles/gal  rad/sec  rad/sec 


100%  q 

37.12 

0.0764 

8.3  532.99 

922.3 

897.0 

75%  q 

27.84 

0.0776 

4.9  533- 39 

691.7 

673.3 

50%  q 

18.56 

0.0790 

2.4  533.39 

461.1 

448.8 

The  first 

column 

is 

the  average 

turbine  in)et  velocity  for 

the  given 

flow  rate, 

followed  by 

the  blade  "net" 

angle  of 

attack  and 

meter 

pressure  drop. 

The  meter  factor 

is  the 
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equivalent  cycles/gallon  output  for  the  actual  rotor  speed. 
Its  "flat"  characteristic  indicates  that  at  these  speeds 
the  retarding  torques  are  small,  and  the  rotor  speed  is 
therefore  linear.  The  next  two  columns  are  the  "ideal" 
rotor  speed  and  actual  rotor  speed.  The  "ideal"  rotor 
speed  is  that  speed  at  which  the  rotor  would  operate  for 
zero  angle  of  attack  in  a  flat  velocity  profile  without 
blade  interference  effects  and  with  no  retarding  torques. 
The  actual  rotor  speed  is  that  predicted  by  the  program 
with  all  retarding  torques,  interference  effects,  and  the 
abovementioned  losses  included.  As  would  be  expected,  the 
actual  speed  is  less  than  the  ideal  speed,  in  this  case 
about  3%,  most  of  which  is  due  to  profile  and  interference 
effects  rather  than  to  retarding  torques. 

In  computing  the  net  driving  torque,  a  series  of  200 
points  were  evaxuated  from  the  blade  root  to  tip.  The 
turbine  inlet  velocity  profiles  obtained  for  the  different 
flow  rates  is  shown  in  Figure  13.  The  rotor  hub  radius  was 
0.417",  where  the  velocity  effectively  becomes  zero.  The 
profile  is  shown  only  to  the  blade  tip  (0.875"  radius), 
which  is  the  reason  the  velocity  profile  does  not  go  to 
zero  at  the  outside  radius.  The  velocity  profiles  shown 
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DEPENDENCE  ON  FLOW  RATE 


are  based  on  the  analysis  of  Levy  (Reference  23)  and  some 
local  departures  from  actual  profile  Bhapes  may  exist. 

The  blade  angle  of  attack  variation  with  radius  is 
shown  in  Figure  14.  This  curve  illustrates  very  well  the 
fact  that  although  the  "net"  or  integrated  blade  angle  of 
attack  is  effectively  zero,  portions  of  the  blade  do 
operate  at  significant  angles  of  attack,  up  to  8  degrees. 

With  a  helical  blade  of  specified  lead,  the  tangent  of  the 
blade  stagger  angle  is  linearly  proportional  to  radius,  as 
is  the  tangent  of  the  inlet  velocity  angle  for  a  flat 
velocity  profile  at  any  one  given  rotor  speed.  Therefore,  it 
is  theoretically  possible  for  all  of  the  blade  to  operate  at 
essentially  zero  zngle  of  attack.  This,  however,  is  not  the 
case  when  one  considers  an  actual  velocity  profile,  as 
Figure  14  illustrates.  Since  the  net  driving  torque  required 
at  "null"  speed  vanes  only  slightly  with  flow  rate,  the 
slight  variations  n  angle  of  attack  do  not  appear  on  the 
plot,  and  the  angle  of  attack  is  essentially  constant  with 
flow  rate. 

Figure  15  illustrates  the  variation  of  the  turbine  blade 
interference  coefficient  K0  with  radius.  The  interference 
coefficient  is  the  ratio  of  theoretical  blade  lift. 
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BLADE  ANGLE  OF  ATTACK  FOR  THREE  TEST  FLOW  RATES 
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TURBINE  BLADE  INTERFERENCE  COEFFICIENT 
FOR  TEST  FLOW  RATES 


accounting  for  interference  effects  from  adjacent  blades, 
to  the  theoretical  single-airfoil  lift.  This  ratio  is  a 
function  of  the  blade  stagger  angle  and  the  space -to-chord 
ratio,  which  accounts  for  the  variation  with  radius.  When 
K0  =  1,  interference  does  not  take  place,  and  the  lift  of 
the  blade  is  the  same  as  that  of  a  single  blade  in  the 
same  flow  field.  The  importance  of  including  blade 
interference  effects  is  clearly  illustrated  in  Figure  15, 
where  Kc  reaches  values  as  low  as  0.4  near  the  rotor  hub 
and  is  considerably  less  than  1.0  over  most  of  the  blade 
length. 

The  driving  torque  per  unit  blade  length  variation  with 
radius  is  shown  in  Figure  16.  This  "torque"  is  actually 
the  force  per  unit  blade  length  multiplied  by  the  moment  arm 
to  that  blade  element,  and  indicates  the  relative  contribution 
of  elements  along  the  blades  to  the  total  rotor  driving 
torque.  The  variation  of  this  parar  er  with  flow  rate  depends 
considerably  on  the  velocity  profile,  since  the  velocity 
enters  the  torque  expression  as  a  squared  term.  The  large 
negative  values  at  larger  radii  correspond  to  the  negative 
angle  of  attack  caused  by  the  decrease  in  velocity  near  the 
outer  meter  wall.  Again  these  curves  point  out  the  value 
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DRIVING  TORQUE  PER  UNIT  BLADE  LENGTH 


of  using  an  actual  velocity  profile  and  numerical  integration 
over  the  blade  length,  as  opposed  to  assuming  a  flat  velocity 
profile . 

"The  second  major  parameter  to  be  varied  was  the  fluid 
and  meter  temperature  (assumed  equal  to  each  other  at  all 
times).  The  fluid  properties  were  varied  for  each  case, 
and  the  changes  in  meter  geometry  were  calculated  within  the 
program,  based  on  coefficients  of  thermal  expansion  provided 
for  the  rotor  and  the  meter  body.  In  this  way,  variations  in 
all  ma]or  meter  dimensions  can  be  included.  Aa  mentioned 


previously,  the 

reference  case 

was  water  at  a  flow  rate 

of 

225  gpm.  Other 

parameters  for 

these 

cases  were: 

v  ft/sec 

Net  Ar.gle  of 

Attach,  Deg.  A P,  psi 

Meter 

Factor 

cvcles/qal 

u)  i 

rad/sec 

u3a 

rad/sec 

40  CF 

37.137 

0.0765 

9.1 

534.81 

922.89 

900.09 

7Q°F 

37.115 

0.0764 

8.3 

532.99 

922.28 

897.02 

100  F 

37.093 

0.0766 

7.6 

530.57 

921.68 

892.94 

150  c  F 

37.057 

0.0767 

6.6 

525.39 

920.67 

884.24 

The  major  effects  being  illustrated  here  are  due  primarily 
to  changes  in  meter  geometry  with  temperature,  and  changes 
in  fluid  viscosity.  The  turbine  inlet  velocity  profile 
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variations  with  temperature  are  shown  in  Figure  17.  The 
slightly  higher  velocities  at  the  lower  temperatures  are 
due  to  the  smaller  meter  geometry  for  the  same  flow  rate, 
as  shown  also  in  the  previous  tabulation  of  average 
velocities.  The  increased  fluid  viscosity  at  the  lower 
temperatures  is  reflected  in  a  slightly  larger  curvature  in 
the  velocity  profile  and  an  increased  pressure  drop. 

The  blade  angle  of  attack  and  interference  coefficient 
variations  with  radius  are  shown  in  Figures  18  and  19. 

Changes  in  these  parameters  with  temperature  are  very  small, 
so  the  different  curves  appear  as  a  single  line  in  the  plots. 
The  dependence  of  driving  torque  per  unit  blade  length  on 
temperature  is  shown  in  Figure  20.  Again,  the  variations 
are  due  primal lly  to  velocity  profile  effects,  with  the 
slightly  lower  velocities  at  150 °F  producing  slightly  lower 
torques.  Although  Figure  20  tends  to  suggest  that  the  40°, 
70°,  and  100"F  cases  are  identical  and  the  150°F  case  is 
different,  this  is  not  the  case.  Actually,  the  torque  values 
are  different  in  each  case,  but  it  is  only  at  150°F  that  the 
difference  is  large  enough  to  be  distinguished  in  the  plots. 
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TURBINE  INLET  VELOCITY  PROFILE 
VS  TEMPERATURE 
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BLAOE  ANGLE  OF  ATTACK  FOR  FOUR  TEMPERATURE  CASES 
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TURBINE  BLADE  INTERFERENCE  COEFFICIENT 
FOR  TEMPERATURE  CASES 


70*  F 


//✓ 


153 


DRIVING  TORQUE  PER  UNIT  BLADE  LENGTH 
DEPENDENCE  ON  TEMPERATURE 


The  next  area  of  study  was  the  effect  of  manufacturing 
tolerances  on  meter  performance  and  registration.  Based  on 
the  test  cases  previously  discussed,  the  most  important 
non-fluid  effect  appears  to  be  the  geometry-velocity  profile 
relationship.  For  this  reason,  the  parameters  selected  for 
the  tolerance  study  were  the  hub  radius,  blade  tip  radius 
and  meter  body  radius.  The  rotor  hub  drag  and  blade  tip 
drag  are  the  predominant  retarding  torques,  and  therefore 
variations  in  the  three  dimensions  selected  should  affect 
these  parameters.  The  particular  meter  being  modeled  had 
a  rotor  hub  diameter  tolerance  of  -0.002,  a  blade  tip 
diameter  tolerance  of  £0.003,  and  a  meter  bore  tolerance  of 

10.001.  These  tolerances  were  stacked  so  as  to  give  the 
minimum  flow  area  and  blade  tip  clearance  for  the  first 
case  and  the  maximum  flow  area  and  blade  tip  clearance  for 
the  second  case.  The  comparison  with  the  nominal  case  is 
shown  below: 


Meter 

Net  Angle  of  Factor  uO  i  ^a 


Geometry 

v  ft/sec 

Attack,  Deq. 

2>P,  psi  cyrles/qal 

rad/sec 

rad/sec 

Minimum 

37.165 

0.0765 

8.28 

532.62 

922.92 

896.40 

Nominal 

37.115 

0.0764 

8.27 

532.99 

922.28 

897.02 

Maximum 

37.012 

0.0763 

8.23 

532.77 

920.44 

896.65 
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From  the  minimum  to  the  maximum  geometry  case,  the  blade 
tip  drag  decreased  by  10%,  but  the  hub  drag  is  still  the 
dominant  term,  so  that  significant  changes  in  the  rotor 
speed  did  not  occur.  There  are  two  compensating  effects 
taking  place  in  the  geometry  changes.  One  would  expect  the 
rotor  speed  to  primarily  follow  the  fluid  average  velocity 
as  indicated  by  the  ideal  speed.  However,  the  high  velocity 
of  the  minimum  geometry  is  offset  by  the  higher  blade  tip 
drag,  causing  the  rotor  to  operate  at  a  slower  speed.  From 
the  minimum  to  the  nominal  geometry  case,  the  average  velocity 
has  decreased,  but  the  percentage  decrease  in  the  retarding 
torque  is  ten  times  as  great,  and  the  rotor  speed  actually 
increases.  In  the  maximum-geometry  case,  the  decrease  in 
velocity  overrides  the  decrease  in  retarding  torques. 

The  differences  in  the  velocity  profiles,  blade  angle  of 
attack,  interference  coefficient,  and  driving  torque  for  the 
three  cases  are  so  small  that  they  cannot  be  detected  on 
the  plots,  and  therefore  these  figures  are  not  shown.  The 
maximum  change  in  meter  factor  with  these  manufacturing 
tolerances  was  only  0,07%.  Therefore,  manufacturing  effects 
were  not  explored  in  any  further  detail  although  the 
capability  to  do  so  exists  in  the  present  program. 


The  next  set  of  test  cases  was  prepared  to  explore  the 
characteristics  of  the  same  meter  model  in  oil.  Based  on 
the  availability  of  bearing  drag  data,  MIL-L-6085  oil, 
which  has  a  viscosity  of  20  centistokes  at  70 °F,  was 
selected.  The  results  of  these  test  cases  at  different 
flow  rates  are  given  below: 


Meter 

Net  Angle  of  Factor  i  ^a 


V 

ft/sec 

Attack,  Deg. 

&P,  psi  cycles/gal 

rad/sec 

rad/sec 

100%  q 

37.115 

0.0727 

14.2 

523.27 

922.28 

880.66 

75%  q 

27.836 

0.0718 

8.5 

519.19 

691.71 

655.35 

50%  q 

18.558 

0.0523 

4.1 

512.23 

461.14 

431.04 

The  meter  factors  are  approximately  2.0%  to  2.5%  lower 
than  those  for  water  at  the  same  flow  rate,  which  is  not 
unusual  for  this  amount  of  change  in  the  fluid  viscosity. 
As  would  be  expected,  also,  the  pressure  drops  are  larger. 
The  velocity  profiles  for  these  cases,  shown  in  Figure  21, 
are  similar  to  those  for  water,  except  for  the  increased 
curvature  due  to  the  increased  viscosity.  The  blade  angle 
of  attack  and  interference  coefficient  (Figures  22  and  23) 
are  effectively  independent  of  flow  rate,  as  was  observed 
in  water.  The  driving  torque  profile.  Figure  24,  reflects 


156 


NOMINAL  Q 
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BLADE  ANGLE  OF  ATTACK  FOR  THREE  TEST  FLOW  RATES 
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TURBINE  BLADE  INTERFERENCE  COEFFICIENT 
FOR  TEST  FLOW  RATES 
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DRIVING  TORQUE  PER  UNIT  BLAOE  LENGTH 
DEPENDENCE  ON  FLOW  RATE 


the  shape  of  the  velocity  profiles  with  flow  rate  and  the 
blade  angle  of  attack. 

Because  of  the  difference  in  fluid  properties  between 
water  and  oil,  it  is  informative  to  make  a  direct  comparison 
of  these  two  cases  on  the  same  graph  for  the  nominal  flow 
rate,  as  shown  in  Figures  25,  26  and  27.  The  increased 
curvature  of  the  oil  velocity  profile  in  Figure  25  is 
carried  over  into  the  blade  angle  of  attack  and  driving 
torque  curves. 

To  better  understand  the  importance  of  blade  interference 
effects  as  related  to  blade  number,  several  fictitious  cases 
were  prepared  with  rotors  having  eight  and  four  blades  each 
but  with  the  same  geometry  and  lead  as  the  fourteen-bladed 
rotor.  Results  of  the  eight-bladed  case  are  given  below; 
computation  of  the  four-bladed  case  was  not  accomplished 
due  to  nonconvergence  resulting  from  the  excessively  large 
interpolation  interval  in  space/chord  ratio  dependence  of 
R  (see  Figure  3).  Since  this  would  have  required  extensive 
program  additions,  as  well  as  additional  computer  checkout 
and  operation  time,  this  case  was  not  run.  The  effect  of 
blade  number,  however,  is  clearly  indicated  by  the  comparison 
between  the  fourteen-bladed  and  eight-bladed  cases: 
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TURBINE  INLET  VELOCITY  PROFILES  FOR  WATER  AND  OIL 
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BLADE  ANGLE  OF  ATTACK  FOR  WATER  AND  OIL 
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DRIVING  TORQUE  PER  UNIT  BLADE  LENGTH 
FOR  WATER  AND  OIL 


No.  of 
Blades 

v  f i/sec 

Net  Angle  of 
Attack,  Deg. 

Meter 

Factor  00  i 

p,  psi  cvcle8/gal  rad/sec 

^>a 

rad/sec 

14 

37.115 

0.0764 

8.3 

532.99 

922.28 

897.02 

8 

37.115 

0.0592 

4.9 

309.84 

922.28 

912.56 

The 

velocity  profiles  are 

identical 

and  are 

not  shown. 

Variations  in  the 

angle  of  attack  occur 

near  the 

rotor  tip 

where  the  angles  of  attack  become  large  and  interference  from 
adjacent  blades  is  more  important  (see  Figure  28) .  The  most 
significant  change  occurs  in  the  interference  coefficient 
shown  in  Figure  29.  The  driving  torque  is  actually  less 
for  the  lower  blade  numbers  as  shown  in  Figure  30,  but  the 
rotor  speed  is  much  higher  due  to  the  significant  decrease 
in  blade  tip  drag  as  well  as  the  reduction  in  interference 
effects.  As  would  be  expected,  the  rotor  is  approaching  the 
ideal  speed,  since  at  low  blade  numbers  the  blade  operates  as 
an  isolated  airfoil. 

The  capability  to  analyze  a  flat  bladed  rotor  was  desired 
to  have  as  flexible  a  program  as  possible.  A  significant 
percentage  of  the  meters  used.  Potter's  in  particular,  have 
flat  blades  and  these  can  be  accommodated  with  the  proper 
input  format.  Because  details  of  the  Potter  designs  were 
not  available,  a  fictitious  case  was  used  to  verify  that 
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EFFECT  OF  NUMBER  OF  BLADES 
ON  LOCAL  BLADE  ANGLE  OF  ATTACK 
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EFFECT  OF  NUMBER  OF  BLADES 
N  INTERFERENCE  COEFFICIENT  K 


EFFECT  OF  NUMBER  OF  BLADES  ON  DRIVING  TORQUE 


the  program  would  function  properly  for  these  cases.  The 
blade  angle  selected  was  the  mean  blade  angle  of  the  previous 
helical  rotor.*  Comparison  with  the  helical  rotor  having 
the  same  blade  number  is  shown  below: 


Blade 

Net  Angle  of 

Meter 

Factor 

Type 

v  ft/sec 

Attack,  Deg. 

Ap,  psi  cycles/qal 

rad/ sec 

rad/ sec 

Helical 

37.115 

0.0764 

8.3  532.99 

922.28 

897.02 

Flat 

37.115 

0.0991 

8.0  511.41 

899.05 

860.70 

The  most  significant  change,  as  would  be  expected,  is  in 
the  blade  angles  of  attack  (Figure  31).  Because  the  blade 
is  flat,  these  angles  are  larger  at  the  hub  and  at  the  blade 
tip.  The  blade  interference  coefficients  shown  in  Figure  32 
are  virtually  identical,  as  they  should  be,  since  the  helical 
rotor  is  assumed  to  have  a  flat  profile  at  any  radius.  The 
larger  variation  in  angle  of  attack  is  reflected  in  the 
driving  torque  curves  as  shown  in  Figure  33. 

Test  cases  were  run  on  nominal-geometry  meters  to  establish 
the  changes  resulting  from  the  substitution  of  journal  bearings 
for  the  nominal-case,  ball  bearings.  Because  the  bearing  drag 

*  Note  that  this  arbitrary  selection  of  blade  angle  for  the 
flat  blade  implies  that  the  computed  rotor  speed  has  no 
significance.  The  flat-blade  effects  therefore  appear  in 
the  shapes  of  the  torque,  angle  pf  attack,  and  K  curves 
(see  Figures  31,  32  and  33).  ° 
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EFFECT  OF  BLADE  SHAPE 
ON  LOCAL  BLADE  ANGLE  OF  ATTACK 
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EFFECT  OF  BLADE  SHAPE  ON  DRIVING  TORQUE 


was  so  small  for  the  high  Reynolds-number  ranges  evaluated  in 
this  study,  there  was  no  detectable  effect  on  meter  performance, 
and  these  data  are  therefore  not  included  here. 

A  final  meter-configuration  evaluation  was  made  to 
determine  the  effect  of  readout  drag;  i.e.,  nominal  cases 
were  run  with  RF  and  magnetic  pickups.  As  might  be  expected, 
the  drag  effect  of  the  readout  device  was  so  small  as  to  be 
indistinguishable,  and  thu6  these  data  are  also  not  presented 
in  this  report. 

Based  on  the  results  of  the  test  cases  with  water  and 
oil,  it  is  clear  that  one  of  the  most  significant  parameters 
in  the  program  is  the  velocity  profile,  Velocity  enters 
many  expressions  as  a  squared  term,  and  the  shape  of  the 
profile  is  directly  reflected  in  the  driving  torque  curves. 

To  further  illustrate  the  importance  of  the  velocity  profile 
on  the  final  rotor  speed,  several  test  cases  imposing  various 
profiles  on  the  blades  were  prepared. 

In  the  first  case,  a  flat  velocity  profile  with  V 
everywhere  equal  to  the  average  velocity  v  was  used.  This 
simulates  the  assumption  common  to  virtually  all  prior 
analyses.  For  the  second  case,  the  velocity  profile  in  the 
flow  straightener  was  imposed  on  the  rotor.  The  flow-st  aightenor 
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region  commonly  has  a  larger  flow  area,  and  a  transition 
occurs  to  a  smaller  annular  area  as  the  fluid  passes  over 
the  hub  assembly.  Because  of  this  transition,  some  questions 
were  raised  about  whether  the  turbine  meter  inlet  velocity 
profile  or  flow  straightener  velocity  profile  should  be 
used.  Both  of  these  cases  were  included  to  determine  which 
gave  rotor  speeds  more  closely  related  to  the  actual  speed. 

A  final  fictitious  case  consisted  of  forcing  the  Nikuradse 
full-pipe  velocity  profile  on  the  turbine,  a  limiting  case 
that  would  exist  only  if  no  flow  straighteners  were  used 
and  the  hub  obstruction  was  negligible.  The  results  of 
these  cases  are  shown  below: 


Profile  v 

ft/sec 

Net  Angle  of 
Attack,  Deq. 

Meter 

Factor 

AP,  psi  cvcles/qal 

U)  . 

1 

rad/sec 

UJ 

a 

rad/sec 

Standard 

37.115 

0.0764 

8.3 

532.99 

922.28 

897.019 

Average 

Velocity 

V 

37.115 

0.0785 

8.2 

506.95 

922.28 

853.19'' 

Straighten¬ 
er  Velocity 

V  37.115 

8 

0.0827 

8.3 

509.72 

922. 28 

857.86 

Full  Pipe 

37.115 

0. 1048 

8.  3 

402. yj 

922 . 28 

676 . i 4 

The  velocity  profiles  for  these  teal  cases  ore  shown  in 
Figure  34.  The  flatter  pjofile  of  Nikuiadeo  is  based  on  the 
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SELEC7E0  1  i  INLET  VELOCITY  PROFILES 


full  pipe  diameter.  'The  blade  angle  of  attack  variations 
shown  in  Figure  35  for  the  standard  and  swirler  profiles 
are  similar,  except  at  the  larger  radius  where  the  velocity 
profiles  have  slightly  different  curvatures.  Since  the 
full  pipe  profile  does  not  go  to  zero  at  the  rotor  hub, 
the  angles  of  attack  in  this  region  are  large.  It  must  be 
remembered  that  this  is  a  fictitious  case  used  only  to 
demonstrate  the  importance  of  velocity  profile  effects. 
However,  the  previously  assumed  flat  profile  at  the  average 
velocity  is  equally  fictitious,  since  it  also  does  not 
satisfy  the  requirement  of  zero  velocity  at  the  rotor  hub 
and  meter  wall  and,  therefore,  misrepresents  the  blade  angle 
of  attack  and  driving  torque  variations  when  compared  with 
the  standard  velocity  profile  as  shown  in. Figures  35  and  37. 

Since  there  are  no  changes  in  blade  geometry  when  the 
velocity  profiles  are  changed,  the  blade  interference 
coefficient  remains  the  same,  as  shown  in  Figure  36. 

The  driving  torque  curves  (Figure  37)  reflect  the 
combined  effects  of  the  blade  angle  of  attack  variations 
and  the  shape  of  the  velocity  profile.  The  flat  and  full 
pipe  curves  show  large  departures  from  the  standard  and 
swirler  torque  curves.  The  torque  crossover  points  from 
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BLADE  DRIVING  TORQUE  FOR  SELECTED  VELOCITY  PROFILES 


positive  to  negative  are  not  the  same  in  this  care,  since 
the  blade  angle  of  attack  crossing  points  are  different 
also.  An  important  point,  however,  is  that  the  past 
assumption  of  a  flat  velocity  profile  gives  a  driving  torque 
curve  that  departs  significantly  from  that  of  the  standard 
velocity  profile.  Even  mo  e  important  is  the  fact  that  only 
the  standard  velocity  profile  based  on  the  annular  area  at 
the  turbine  inlet  gives  the  correct  rotor  speed  and  meter 
factor.  Although  the  driving  torque  curves  for  the  swirler 
velocity  are  similar  to  those  for  the  standard  profile,  only 
the  latter  gives  the  correct  rotor  speed,  as  shown  in  the 
pluvious  tabulation. 
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VII.  CONCLUSIONS 


A  complete  analytical  model  of  the  turbine  flowmeter 
has  been  formulated,  including,  for  the  first  time,  the 
capability  for  examining  arbitrary  (non-flat)  inlet  velocity 
profiles.  The  developed  performance  model  includes  an 
analysis  of  the  dominant  retarding  torques  and  factors 
influencing  the  net  driving  torque.  Although  some  secondary 
effects  have  not  been  included,  the  model  is  complete  in 
terms  of  being  able  to  quantitatively  predict  turbine  meter 
performance.  This  has  been  demonstrated  with  the  example 
of  a  meter  where  the  fluid  passes  from  a  preswirler  with 
flat  blades  to  a  helical  bladed  rotor.  The  predicted  rotor 
speed  was  well  within  normal  meter- to-meter  tolerances.  Several 
factors  outlined  in  the  original  Work  Statement  have  not  been 
accounted  for  in  the  present  study.  These  are  asymmetric 
velocity  profile  (see  Recommendations,  Section  VIII), 
breaking-in  running,  chemical  reactivity  of  the  fluid,  and 
the  presence  of  entrained  particles  or  cavitation  (other 
than  their  effect  on  velocity  distribution,  which  i_s  included 
in  the  model) .  These  effects,  as  well  as  acceleration  and 
vibration,  were  considered  in  the  course  of  the  study,  and 
were  p 1  ace  cl  in  the  c^egory  u±  operational  factors  rather 
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than  performance  factors.  There  are  also  other  factors  which 
account  for  meter-to-meter  variations,  but  which  obviously 
cannot  be  included  in  an  analytical  model.  One  of  these  is 
the  hand  tailoring  sometimes  used  by  the  meter  manufacturers 
to  bring  meters  within  tolerance,  including  the  occasional 
bending  of  several  blade  tips  and  filing  of  blade  edges. 

As  part  of  the  flowmeter  performance  model  study, 
numerical  test  cases  were  prepared  to  explore  the  model's 
capability  to  predict  the  dependence  of  meter  registration 
on  flow  rate,  temperature,  fluid,  meter  geometry  (including 
manufacturing  tolerances) ,  bearing  type,  blade  number,  blade 
geometry,  and  velocity  profile.  Of  all  these  parameters,  the 
velocity  profile  was  found  to  have  the  largest  effect  on  the 
rotor  speed  and  meter  factor.  Meter  geometry  effects  due  to 
temperature  did  result  in  distinct  changes  in  meter  registration; 
however,  variations  with  normal  manufacturing  tolerances  could 
not  be  detected.  Effects  of  changing  fluid  properties  (i.e., 
viscosity,  temperature,  etc.)  were  observed,  as  predicted,  but 
were  important  principally  through  their  effect  on  velocity  profile. 

The  present  analysis  obtained  the  bearing  retarding  torque 
from  data  supplied  by  the  bearing  manufacturer,  as  being 
typical  of  the  given  bearing  design.  Based  on  these  data. 
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the  bearing  drag  does  not  appear  as  a  significant  retard¬ 
ing  torque.  However,  meter  manufacturers  generally  do  not 
have  a  running  torque  tolerance  on  bearings,  and  individual 
bearings  they  purchase  are  not  tested  nor  are  they  pur¬ 
chased  in  matched  pairs.  Customarily,  bearings  with  high 
drag  are  eliminated  during  calibration  based  on  the  over¬ 
all  meter  acceptance  tolerance.  This  would  suggest  large 
bearing- to-bearing  variations  in  drag  could  be  tolerated 
before  the  bearing  drag  appears  as  a  dominant  term  during 
calibration  to  the  degree  that  the  meter  is  rejected.  Pro¬ 
duction  information  on  these  variations  were  not  available 
from  the  bearing  manufacturer,  since  the  bearings  are  only 
occasionally  spot  checked.  However,  they  claim  that  these 
variations  are  "small."  These  factors  cannot  be  included 
in  a  general  analytical  model  since  they  are  peculiar  to 
a  specific  flowmeter  and  bearing  design.  They  also  under¬ 
score  the  importance  of  using  actual  bearing  drag  data, 
since  these  effects  would  not  appear  in  a  typical  analytical 
bearing  model.  However,  the  capability  to  study  these  effects 
in  terms  of  total  meter  performance  exists  with  the  present 
model  once  the  meter  and  bearing  design  is  selected  and 
the  specific  data  obtained.  In  any  case,  for  the  flow 
rates  simulated  (in  both  water  and  oil),  the  bearing  drag 
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was  found  not  to  be  the  dominant  retarding  torque,  often 
comprising  less  than  20%  of  the  blade  tip  drag  and  rotor 
hub  drag.  The  use  of  journal  or  ball  bearings  also  made 
no  difference  in  the  high-Reynolds-number  range  explored 
in  this  study. 

The  most  important  single  conclusion  to  be  drawn 
from  the  present  program  is  that  the  primary  factors  in¬ 
fluencing  rotor  speed  in  the  high-Reynolds-number  regime 
covered  by  this  study  are  the  velocity  profile  and  the 
associated  aerodynamic  balance  of  the  rotor.  The  magni¬ 
tudes  of  all  the  retarding  torques  are  small  in  this  flow 
regime,  and  the  slope  of  the  driving  torque  vs.  speed 
curve  is  so  large  that  small  changes  in  the  retarding 
torques  will  not  produce  significant  changes  in  actual 
rotor  speed.  Since  the  velocity  profile  has  such  a 
marked  effect  on  flowmeter  performance,  its  accurate  de¬ 
scription  is  essential  to  a  useful  and  accurate  turbine 
flowmeter  performance  model.  For  this  reason,  experimental 
verification  of  the  computed  profile  and  other  velocity  ef¬ 
fects  is  essential  to  the  establishment  of  the  performance 
model  as  a  useful  tool  for  understanding  meter  performance, 
operating  and  installation  effects,  and  key  parameters  in 
meter  design. 


LS4 


VIII  . 


RECOMMENDATIONS 


A.  Analytical 

The  analytical  performance  model  developed  during  this 
crogram  is  far  more  comprehensive  than  prior  studies,  and 
appears  to  characterize  actual  meter  operating  performance 
quite  accurately,  as  indicated  by  the  sample  numerical  cases 
described  earlier.  However,  this  study  is  no  different  than 
any  other  analytical  formulation,  in  that  areas  always  exist 
where  recommendations  can  be  made  for  further  refinements. 

The  most  desirable  feature  to  be  added  to  the  present 
program  would  be  the  capability  to  accommodate  nonsym- 
metric  velocity  profiles,  one  of  the  topics  suggested  in 
the  original  Work  Statement  of  the  subject  contract,  but 
far  too  difficult  and  ill-defined  to  have  been  included 
in  the  scope  of  the  present  study.  This  effect  could  pos¬ 
sibly  be  treated  by  some  type  of  analytical  transformation 
technique  which  would  convert  the  nonsymmetric  profile  to 
an  equivalent  symmetric  profile  at  the  turbine  inlet.  The 
complicating  factor  in  this  transformation  is  the  transition 
from  an  asymmetric  velocity  profile  in  a  full  pipe  diameter 
to  annular  flow  at  the  turbine  inlet.  At  the  present  time, 
little  is  known  about  this  transition  in  turbulent  flow 
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for  a  non-swirling  symmetric  velocity  profile.  This,  then, 
should  be  the  starting  point  for  investigation  in  this  area, 
proceeding  to  experimental  correlations  between  asymmetric 
full  pipe  profiles  and  measured  turbine  inlet  velocity 
profiles.  Because  of  the  sensitivity  of  meter  registra¬ 
tion  to  the  velocity  profile,  these  effects  can  only  be 
modeled  with  the  assistance  of  detailed  experimental 
testing . 

A  significant  potential  area  for  follow-up  programs, 
therefore,  would  be  development  of  an  analytical  representa¬ 
tion  relating  upstream  or  installation  factors  quantitatively 
to  the  turbine  meter  inlet  velocity  profile.  This,  of  course, 
can  only  be  done  a  f ter  completion  of  the  test  program  de¬ 
scribed  in  the  next  paragraph,  but  such  a  representation 
would  effectively  tie  together  the  present  analysis, 
which  essentially  starts  with  a  velocity  orofile,  and 
the  actual  meter  installation.  The  above  mentioned  asym¬ 
metric  profile  transformation  would  also  be  a  key  link 
in  providing  a  complete  picture  of  the  turbine  flowmeter 
performance,  since  it  is  virtually  certain  that  at  least 
some  nine  line  elements  (e.g.,  elbows)  will  produce  asym¬ 
metric  velocity  profiles  and  asymmetric  swirl. 
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Another  possible  area  for  refinement  is  the  blade  tip 
clearance  drag,  since  it  appears  from  the  numerical  case 
examined  that  this  constitutes  a  significant  retarding 
torque.  The  present  analysis  is  based  on  an  analogy  with 
bearing  fluid  drag.  Although  the  geometries  are  different, 
this  approach  should  be  conservative,  but  a  more  refined 
analysis  possibly  should  be  considered. 

B .  Experimental  Test  Program 

There  are  three  major  goals  in  the  recommended  ex¬ 
perimental  program: 

1.  Evaluate  the  applicability  of  the  analytical 
model  developed  under  the  present  program. 

2.  Estimate,  if  possible,  the  magnitudes  of  the 
few  parameters  which  could  not  be  quantified 
analytically . 

3.  Establish  quantitatively  the  effects  of  in¬ 
stallation  and  upstream  piping  configuration 
factors . 

Of  these  three  goals,  it  is  clear  from  the  above- 
stated  conclusions  of  the  present  hich-Reynolds-number 
study  that  No.  3  is  by  far  the  most  critical,  since  the 
upstream  effects  determine  the  velocity  profile,  which. 
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in  turn,  dominates  flowmeter  performance  predictability. 

It  is  therefore  recommended  that,  should  the  experimental 
proqram  be  limited  because  of  funding  restrictions,  this 
area  be  emphasized  to  the  exclusion,  if  necessary,  of  the 
otner  two  above -stated  goals. 

Following  I  tern  3  in  importance  is  Item  1,  whereas 
Item  2,  although  certainly  of  interest,  probably  does  not 
entail  any  significant  performance  variations.  Thus,  the 
test  program  recommendations  detailed  in  Appendix  E  are 
broken  down  into  the  three  classes  of  tests  indicated. 

Note,  also,  that  the  instrumentation  necessary  for 
Goal  No.  3  is  not,  in  general,  the  type  of  instrumentation 
needed  for  turbine  flowmeter  evaluation,  and  that  the 
requisite  test  facilities  for  this  area  of  the  experi¬ 
mental  program  do  not  include  flowmeter  provers  or 
calibration  installations  of  the  conventional  type.  This 
special  fac'lity  requirement,  therefore,  must  be  kept  in 
mind  when  the  test  program  is  being  implemented.  Appendix  E 
also  includes,  therefore,  a  brief  description  of  the  neces¬ 
sary  facilities  and  instrumentation,  as  well  as  an  outline 
of  the  evaluation  program. 
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LIST  OF  SYMBOLS 


AR 

a 

c 


c 

JB 


blade  aspect  ratio 
acceleration  of  meter 
chord  of  blade 

journal  bearing  radial  clearance 
local  drag  coefficient 

theoretical  lift  coefficient  of  a  blade  with 
interference  effects 

theoretical  life  coefficient  of  a  single  isolated 
blade 

friction  factor 

blade  aerodynamic  bearing  thrust  load 

bearing  thrust  load  due  to  rotor  hub  fluid  drag 

bearing  thrust  load  due  to  pressure  drop  and 
acceleration 

mixing  length  constant  for  inner  portion  of 
velocity  profile 

mixing  length  constant  for  outer  portion  of 
velocity  profile 

cascade  interference  coefficient 
journal  bearing  length 
overall  meter  length 
lead  of  helical  blade 
length  of  flow  straightener 
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rotor  man 


number  of  rotor  blades 

number  of  bearings 

number  of  straightener  bladea 

pressure  drop  due  to  friction  losses 

design  volumetric  flow  rate 

radius  to  differential  blade  element 

radius  to  plane  of  zero  shear 

journal  bearing  shaft  radius 

transformed  vortex  location  in  potential  flow 
solution 

meter  body  radius 
turbine  rotor  hub  radius 

turbine  rotor  tip  radius 

meter  body  radius  at  reference  temperature  of  IQ^F 
inner  radius  of  flow  straightener 

outer  radius  of  flow  straightener 

rotor  tip  radius  at  reference  temperature  of  70 °F 

Reynolds  number 
rotor  blade  spacing 

zero  shear  plane  radius/inner  radius  of  annulus 
zero  shear  plane  radius/outer  radius  of  annulus 
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s 

c 


rotor  or  straightener  space-to-chord  ratio 


rotor  blade  thickness 
straightener  blade  thickness 

rotor  driving  torque 

rotor  hub  retarding  torque  due  to  fluid  drag 
reference  temperature 

retarding  torque  due  to  blade  tip  clearance  drag 

journal  bearing  retarding  torque 

retarding  torque  due  to  pickup  drag 

retarding  torque  due  to  ball  bearing  drag 

inlet  velocity  relative  to  blade 

exit  velocity  relative  to  blade 

circumferential  component  of  relative  velocity 

free  stream  or  mean  flow  velocity  relative  to  blade 

non-dimensional  fluid  velocity 

absolute  blade  inlet  velocity 

axial  component  of  absolute  velocity 

average  fluid  velocity 

rotor  width 
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-  non-dimensional  radiua  for  innsr  portion  of 
velocity  profile 

=  non-dimensional  radius  for  outer  portion  of 
velocity  profile 

angle  of  inclined  portion  of  preswirler 
transformed  angle  in  potential  flow  solution 
coefficient  of  thermal  expansion  for  meter  body 
coefficient  of  thermal  expansion  for  meter  rotor 
angle  made  by  the  inlet  velocity  with  the  meter  axis 
angle  made  by  the  exit  velocity  with  the  meter  axis 

angle  between  the  mean  flow  velocity  direction  and 
the  meter  axis 

blade  stagger  angle 

fluid  circulation 

blade  effective  angle  of  attack  (  S  =  d'  -/3K  ) 
effective  lift  experimental  factor 
transformed  plane  in  potential  flow 

non-dimensional  distance  defined  for  velocity  profile 

dimensionless  momentum  thickness 

blade  airfoil  efficiency 

absolute  or  dynamic  fluid  viscosity 


■tr  * 

rv  - 
/  ■ 

/ 

c~  = 

R 


kinematic  fluid  viscosity 
cascade  loss  coefficient 

fluid  density 
wall  shear  stress 

angle  between  the  meter  axis  and  the  vertical 
ideal  nonslip  rotor  speed 

actual  rotor  speed  of  a  real  meter 
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APPENDIX  B 


Computer  Program  Listing 

A  technical  description  of  the  turbine  flowmeter 
performance  model  was  given  in  the  main  body  of  the 
report.  The  purpose  of  this  appendix  is  to  provide 
a  listing  of  the  computer  program  and  to  describe  the 
preparation  of  the  input  data  and  the  use  of  the  pro¬ 
gram.  The  input  variables  used  to  describe  the  meter 
geometry  are  illustrated  on  the  meter  cross  section 
shown  at  the  end  of  this  text. 

The  computer  program  listing  given  at  the  end  of 
the  appendix  was  written  for  the  IBM  7094  computer 
using  Fortran  II.  For  those  systems  where  Fortran  IV 
is  desirable,  the  deck  can  be  easily  transposed  with 
the  proper  conversion  routines  for  this  purpose. 

Every  effort  has  been  made  to  make  the  program  readily 
adaptable  to  most  existing  computer  systems  with  a 
minimum  of  modifications. 

The  original  listing  contained  a  set  of  statements 
for  obtaining  punch  card  output  to  be  used  with  a  plot¬ 
ter  to  obtain  the  velocity  profiles  and  variation  of 
other  parameters  with  radius.  Because  of  the  wide 
variation  in  punched  card  format  for  plotters,  these 
statements  have  been  removed  or  replaced  by  a 


Hollerith  statement  which  indicates  the  location  at 
which  data  cards  should  be  punched  using  the  format 
of  the  particular  user's  system. 

Most  of  the  input  concerns  the  meter  geometry  and 
the  fluid  properties  plus  some  numerical  codes  to  util¬ 
ize  the  optional  subroutines.  The  only  input  variable 
requiring  any  judgment  is  the  initial  guess  for  the 
rotor  speed.  The  program  will  automatically  converge 
on  the  proper  speed,  but  it  is  necessary  to  estimate 
a  rotor  speed  as  a  starting  point  for  the  iteration. 

The  program  will  converge  even  with  a  poor  guess,  but 
this  practice  wastes  machine  time.  The  program  computes 
one  set  of  variables  for  the  assumed  speed  and  a  second 
set  at  a  speed  a  small  increment  removed  from  the  ideal 
speed.  Based  on  these  differences  it  predicts  a  speed 
and  computes  a  third  set  and  finally,  after  comparing 
these  residual  torques  with  the  initial  guess,  it  com¬ 
putes  a  fourth  set.  If  the  fourth  iteration  is  within 
the  specified  convergence  torque  tolerance,  the  next 
case  is  computed.  If  the  convergence  criterion  has  not 
been  satisfied,  the  iteration  is  continued  until  this 
occurs.  The  output  for  the  third  and  fourth  iterations 
should  be  reviewed  and  the  case  with  the  smallest  re¬ 
sultant  torque  selected. 


-B  4- 


The  present  program  torque  convergence  criterion 
is  0.001  ft-lb,  i.e.,  when  the  driving  torques  and 
retarding  torques  balance  to  within  this  tolerance, 
the  program  proceeds  to  the  next  case.  In  most 
cases  the  predicted  rotor  speed  by  ttw  Newton- 
Raphson  method  results  in  residual  torques  less  than 
this  by  as  much  as  another  order  of  magnitude.  This 
convergence  criterion  was  not  made  an  input  variable, 
since  it  directly  affects  the  machine  time  per  case. 
For  those  who  would  like  to  modify  this  tolerance  for 
specialized  cases,  the  card  after  Statement  95  can  be 
altered. 

The  data  cards  for  a  typical  test  case  are  listed 
at  the  end  of  the  program  listing.  The  first  25  cards 
compose  the  bearing  drag  vs  thrust  load  and  speed 
table  for  ball  bearings.  Prior  to  making  this  entry, 
the  user  should  prepare  a  table  of  bearing  running 
torques  vs  shaft  speed  for  several  values  of  bearing 
thrust  load.  The  first  entry  on  Card  1  is  the  number 
of  load  points  plus  one.  The  second  entry  is  the 
number  of  bearing  table  card  sets  to  follow.  These 
entries  should  be  right  hand  justified  with  no  deci¬ 
mal  points.  The  first  entry  on  Card  1  is  a  zero,  and 
the  remainder  of  the  entries  are  the  thrust  load 
values  in  pounds.  If  more  than  three  load  values  are 
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used,  the  remaining  values  should  be  entered  on  Card  3. 
In  this  case  Cards  2  and  3  are  referred  to  as  a  set. 

The  first  entry  in  Card  4  is  the  shaft  speed  at  which 
the  bearing  drag  entries  will  be  made.  The  remaining 
entries  on  the  card  are  the  bearing  running  torque  val¬ 
ues  in  ft-lbs  for  each  of  the  respective  loads  specified 
a  Cards  2  and  3.  Cards  6  and  7  are  similar  to  4  and  5, 
containing  the  bearing  running  torque  values  for  the 
respective  loads  at  another  shaft  speed.  Additional 
card  sets  are  prepared  covering  the  anticipated  range 
of  rotor  speed.  The  total  number  of  card  sets  in  the 
bearing  drag  table  should  correspond  with  the  entry 
on  Card  1.  The  bearing  drag  table  accounted  for  the 
first  25  cards  of  input,  i.e.,  12  sets  of  2  cards  each, 
plus  the  initial  code  card. 

(For  meters  having  journal  bearings  instead  of 
ball  bearings,  the  user  should  enter  a  1  in  columns 
5  and  10  of  Card  1;  Card  2  should  be  blank,  followed 
by  an  identification  card  and  the  meter  geometry  cards.) 

Card  26  for  the  test  case  is  an  identification  card 

for  the  run  and  must  be  included.  Entries  on  Card  27 

are  the  meter  body  radius  Rg  in;  the  rotor  hub  radius 

lbm 

Rh  in;  the  fluid  absolute  or  dynamic  viscosity 
the  volumetric  flow  rate  q  ft3/sec,  the  fluid  density 
X7  lbm/ft3,  and  the  blade  airfoil  efficiency  >  . 


(Test  cases  have  shown  that  ^  has  little  influence  on 
the  rotor  speed  and  A*  1.0  is  commonly  assumed.) 

Entries  on  Card  28  are  the  rotor  blade  thickness  t 
in.;  the  rotor  width  w  in.;  the  rotor  lead  L  in/ rev  ; 
the  number  of  rotor  blades  N  (fixed  point  entry  -  right 
hand  justified) ;  the  overall  meter  length  1^  in.  Only 
these  entries  are  required  for  a  helical  bladed  rotor. 
(For  a  flat  bladed  rotor  with  a  fixed  stagger  angle  & 
in  degrees,  this  entry  is  made  in  Columns  50  to  60  of 

Card  28.  and  the  rotor  lead  is  entered  as  0.0.) 

Entries  on  Card  29  include  the  rotor  mass  Mr  lbs, 
the  external  acceleration  (if  any)  a  ft/sec2;  the  es¬ 
timate  of  the  actual  rotor  speed  ^a  rad/sec;  the  angle 
between  the  meter  axis  and  the  vertical,  <P  degrees 
(must  be  90°  for  horizontal  operation) ;  and  the  radius 
to  the  rotor  tip  Rj  in. 

Entries  on  Card  30  define  the  flow  straightener 
geometry.  These  include  the  straightener  blade  thick¬ 
ness  ts  in. ;  the  width  of  the  inclined  preswirler  sec¬ 
tion  Ws  in. ;  the  angle  of  the  inclined  portion  of  the 

preswirler  </  degrees;  the  number  of  straightener 
blades  Ns  (fixed  point  and  right  hand  justified) ;  the 
outer  radius  of  the  flow  straightener  I^8  ,  in.;  the 
inner  radius  of  the  flow  straightener  R.  ,  in.;  and 
the  length  of  the  flow  straightener  Ls  in.  (For  meters 
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with  a  conventional  straightener  section  without  a  pre- 
swirler  set,/  *  0.) 

Entries  on  Card  31  include  the  RF  pickup  drag  m 
ft-lb  (this  quantity  is  a  negative  drag  in  this  case, 
since  it  actually  contributes  a  positive  torque) ;  the 
coefficient  of  thermal  expansion  for  the  meter  body 
/^jj  in/in  °F;  the  coefficient  of  thermal  expansion 
for  the  rotor  body  in/j.n  *F;  and  the  nominal  refer - 

enae  temperature  T0  at  which  the  above  geometry  is  en¬ 
tered.  For  meters  having  a  magnetic  pickup,  the  ^rag 
due  to  the  magnetic  unit  was  expressed  in  the  form 
a  +  b  wa2 '  where  the  coefficients  a  and  b  are  the  last 
entries  on  Card  31  and  the  RF  pickup  drag  is  set  equal 
to  zero. 

Entries  on  Card  32  are  non-zero  only  if  a  journal 

bearing  is  being  simulated.  In  v’lis  case  the  first 

entry  is  1.0  as  an  indicator  code.  The  remaining 

entries  are  the  journal  bearing  shaft  radius  rs  in., 

the  journal  bearing  clearance  c  in.,  and  the  journal 

JB 

bearing  length  L  in. 

JB 

Card  33  is  used  to  describe  the  polynomial  coef¬ 
ficients  when  a  velocity  profile  based  on  test  data  is 
substituted  for  the  profile  normally  calculated  by  the 
program.  The  velocity  data  (ft/sec)  should  be  fit  with 
the  polynomial  C^  +  C2r  +  C3r‘  +  C4r3  +  C8r4  +  Cgr^  + 

C7 +  C8r7.  The  first  entry  on  Card  33  is  a  code 


punch  in  Column  1  which  should  be  zero  if  velocity 
profile  will  be  calculated  by  the  subroutine  in  the 
program,  and  unity  if  the  profile  will  be  described  by 
the  8  coefficients  which  are  specified  on  the  remain¬ 
der  of  the  card.  (Note  that  the  first  field  is  only 
9  columns  wide,  while  the  remainder  are  10.) 

Entries  on  Card  34  are  the  number  of  bearings  per 
meter  (right  hand  justified) ;  the  number  of  computa¬ 
tion  intervals  across  the  flow  annulus  (right  hand 
justified  --  200  has  been  found  to  be  sufficiently 
e  'curate) ;  and  the  increment  av  ay  from  the  rotor 
hub  at  which  the  integration  begins  (usually  0.00001). 
The  integration  cannot  begin  exactly  at  the  hub  be¬ 
cause  the  velocity  vanishes  and  some  expressions 
contain  velocity  terms  in  the  denominator. 

A  typical  set  of  data  cards  is  listed  at  the  end 
of  the  main  program  listing.  To  avoid  disclosing 
meter  geometry  that  may  be  proprietary,  the  data 
entered  are  fictitious  but  typical  of  the  class  of 
meter  used  in  the  study. 
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SENSE  SWITCH  1  MAY  BE  TURNED  ON  FOR  AN  EXPANDED  OUTPUT. 

SOME  SYMBOLS  USED  IN  THIS  PROGRAM. 

N  «  NUMBER  OF  BLADES 

RH  ■  RAO! US  TO  ROTOR  HUB 

RT  •  RADIUS  TO  ROTOR  TIP 

RB  «  RADIUS  TO  INSIOE  BORE  OF  METER  BODY 

W  «  ROTOR  WIDTH 

C  «  ROTOR  BLADE  CHORD  LENGTH 

S  *  ROTOR  BLADE  SPACING 

0  »  METER  VOLUMETRIC  FLOW  RATE 

RHO  *  FLUID  OENSITY 

ZNU  *  FLUID  KINEMATIC  VISCOSITY 

BETA  «  COEFF.  OF  THERMAL  EXPANSION 

ZMR  »  ROTOR  MASS 

A  *  ACCELERATION  OF  METER 

G  *  ACCELERATION  OtIE  TO  GRAVITY 

VBAR  *  FLUID  AVERAGE  VELOCITY 

V  «  FLUID  LOCAL  VELOCITY 

WA  «  ACTUAL  ROTOR  SPEED 

CL  »  LIFT  COEFF. 

ZKO  *  RATIO  OF  ACTUAL  TO  IDEAL  AIRFOIL  LIFT 
ALFST*  ANGLE  OEFINING  BRANCH  POINTS  OF  POTENTIAL  SOL. 
GAMMA*  BLADE  STAGGER  ANGLE 
CD  *  DRAG  COEFF. 

PHI  *  ANGLE  BETWEEN  GRAVITY  VECTOR  AND  METER  AXIS 
ZL  *  HELIX  LEAD  (IN/REV) 

NB  =  NO.  OF  BEARINGS. 

DT  *  TEMPERATURE  DIFFERENTIAL. 

ZLM  *  METER  LENGTH. 

PICKUP  «  MAGNETIC  COOPER  FORCES. 

ALL  TOROIIES  IN  FT.  LBS. 

ALL  FORCES  IN  LBS. 

INPUT  RB,  RH,  ZNU,  0,  RHO. 

****PROGRAM  STEPS**** 

I  IF IND  V8AR*F I Q I 
2IFIND  REYNOLDS  NO. 

3  J  PREDICT  FRICTION  FACTOR 

4 1 CHOOSE  RM«MEAN  RADIUS  AND  GET  SHEAR  (6A) 

5 ICOMPUT E  KO/KI 

6IC0MPUTE  SHEAR  FROM  <  6B I 

7  IF INO  RATIO  OF  SHEARS  FROM  (?) 

8 IF INO  SO,  SI,  AND  ETAO,  ETA! 

9 ICOMPUTE  A  AND  B 

10 1  ITERATE  UNTIL  EQ(4)  IS  SATISFIED 
1 1  I  USE  (II  TO  OBTAIN  V*  F ( R )  FOR  TORQUE  EQ. 

WA  IS  THE  ROTOR  VEL.  TO  BE  FOUND  WHEN  ALL  TORQUES  BALANCE. 
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c 

c 

DIMENSION  PLOT ( 5,  400  ) 

DIMENSION  BEAR <6, 15) ,COEFT ( 8) 

COMMON  BEAR,TT0RQ,ZLM,NRTAB1 .NBTABJ 
COMMON  I  POLY  *  COE FT 

COMMON  VBAR.RE YN , F R I CT , ZKO , RB , RH , ZNU, Q , RHO , EQ4  ,  RAT  103 
COMMON  A6,B6,STAURH,STAURB,RM,RM$,STAUSI ,  S  TAUSO  ,T  ANB  1 , T ANB 2 
COMMON  T,W,ZL,ZN, GAMMA, AST ,COSG, S ING 
COMMON  G,RMASS,A,WA,PH| , RT 

COMMON  00,RH0H,DELTAP,C0, VH,DRIVF,FDRAG,BRLOAO ,TT8 , T ANG 

COMMON  RGOESStCOSGH, SH,GH,C, S.SGUESS 

COMMON  TS,WS,AS,NS,ROS,RIS,NSTEP 

COMMON  P1CKUP,ZJBR,ZJBC,ZJBL,JB 

COMMON  ETA,EPS,DT,NB 

COMMON  EPSH,T1G,T2G»T1,T2,T3,GMB, ZlS 

96  CONTINUE 

WRITE  OUTPUT  TAPE  6,92 
C  ALL  IN  INCHES. 

READ  INPUT  TAPE  5 , 4, NBTAB I , NBTABJ 
DO  5  J=l, NBTABJ 

READ  INPUT  TAPE  5, 3 , ( BEAR (I , J ) , I  *  1 , NBTAB  I) 

3  FORMAT (FI0.3,3F20.9/4F20.9> 

5  CONTINUE 
90  CONTINUE 

I  JK  =  5 

C  READ  A  LABEL  CARO. 

READ  INPUT  TAPE  5,158 
158  FORMAT ( 80H 

1  581  ) 

READ  INPUT  TAPE  5, 1 , RB, RH , ZMU, 0, RHO, ET A 
IF ( RB ) 96 , 96 ,97 

97  CONTINUE 
ZNU*ZHU/RHO 

1  FORMAT  (7F10.4) 

READ  INPUT  TAPE  5 , 2 , T , W, Z L, N, 7 LM, GAMMA 

2  FORMAT! 3F10.4, I  5, 5X, 3F10.4) 

READ  INPUT  TAPE  5 , 1 ,RMA5 S , A , WA , PH  I , RT 

READ  INPUT  TAPE  5 , 2 , TS , WS , AS , NS , ROS , R I S  , ZLS 

READ  INPUT  TAPE  5 , 6, P I CKUP , B ETA B, BETAR , T EMP , P ICKA ,P ICKB 

6  FORMAT(F20.9,3F10.4,2E10.3) 

PICKsPICKUP 

READ  INPUT  TAPE  5, 1 , Z J B , Z JBR  , Z JBC , Z JBL 
C  IF  THE  ZJB  (  OR  JB  )  IS  NON  ZERO,  THEN  USE  JOURNAL  BEARING. 

JB«ZJB 

C  NOTE  THAT  COEFFICIENTS  COME  FROM  A  POLYNOMIAL  FIT  OF  RADIUS  IN 
C  INCHES.  THE  COEFFICIENTS  ARE  CONVERTED  TO  FT.  INTERNALLY. 

RF  AO  INPUT  TAPE  5, 7 , I  POLY ,C OE FT 

7  FORMAT!I1,F9.0,7F10.0) 

READ  INPUT  TAPE  5 , 4, NB , NST E P, EPSH 

4  FORMAT! 215, F10. 7) 

WRITE  OUTPUT  TAPE  6,158 

WRITE  OUTPUT  TAPE  6,4,NB,NSTEP,E PSH 
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n-32.2 

WRITE  OUTPUT  TAPE  6  ,98  ,RB  ,RM,  2  NU,  0,  RHO ,  ET  A 
98  FOR  WAT  (  20H0RB ,RH ,ZNU. Q  »RHO,  FT  A  /8E13.7) 

WRITE  OUTPUT  TAPE  ft ,  8  l  .  T  ,  W  ,  2  L  .  N,  2LM 

81  FORMAT I40H0T,  W,  L.  N,  LENGTH  OF  METER  FOR  TURBINE  / 

811  3E18.T, IS, CIS. 7) 

WRITE  OUTPUT  TAPE  ft , 82 , AMASS , A, WA. PH 1 , RT 

82  FORMAT  I 3AH0MASS,  A,  OMEGA.  PHf,  RT  FOR  TURBINE  /SE1S.7) 

WRITE  OUTPUT  TAPE  A ,83. TS * WS , AS , NS, ROS ,R 1 S 

83  FORMAT! 31H0T.  W.  A.  N.  RO,  Rl  FOR  SWlRlFR  /3E 15 .7 ♦ 1 5, 261 b . 7 1 
WRITE  OUTPUT  TAPE  6 .84. I  POL V.COEFT 

84  FORMAT ( 33HOVELOC1 Tt  POLYNOMIAL  COEFFICIENTS  /I2.8E10.3) 
CONVERT  POLYNOMIAL  COEFFICIENTS  TO  FT. 

COEFT! 1I-C0EFT! 11/12. 

OENOM-12. 

00  8  1 1-2.8 

COFFT! 1 1 ) -COEFT! I II/OENOM 
OENOM -OENOM* 12. 

8  CONTINUE 

CONVERT  TO  FT. 

RB-RB/12. 

RH-RH/12. 

T-T/12. 

W-W/12. 

2L-2L/12. 

RT-RT/12. 

RIS-RIS/12. 

ROS-ROS/12. 

WS -WS/ 12. 

TS-TS/12. 

ZLS-ZLS/12. 

2LM-ZLM/12. 

7 JBR-Z JBR/l 2. 

ZJBC-ZJBC/12. 

ZJBL-ZJBL/12. 

CORRECT  FOR  TEMP.  EXPANSION. 

C0RRR»1.*BETAR*I TEMP- 70. I 

C0RRB-l.+B6TAB*!T6MP-70. I 

RB-RB*CORRB 

RH-RH*CORRR 

T-TWCOKRR 

W«W*CORRR 

RT »RT*CORRR 

RI S-R I S*CORRR 

R0S-R0S*C0RR8 

WS«WS*CORRR 

TS-TS*CORRR 

ZLS-ZLS*CORRR 

ZI.M«ZLM*CORRB 

CONVERT  RMASS  TO  SLUGS. 

RMASS-RMASS/G 

CONVERT  PHI  TO  RAOIANS. 

PHI «PH 1*3.141 59/ 1 80 • 


AS-AS*3. 14159/180. 

GAMMA -GAMMA* 3. 14159/180. 

C  CHECK  THAT  BODY  RADIUS  GREATER  THAN  TURBINE  RADIUS. 

IF(RT-RB)564»  565*565 

565  CONTINUE 

WRITE  OUTPUT  TAPE  6,566 

566  FORMAT ( ///59H  THE  TURBINE  RADIUS  IS  GREATER  OR  EQUAL  TO  THE  BODY  ft 
5 661  AO  1US.  //45H  CHECK  INPUT  DATA.  WILL  PROCEED  TO  NEXT  CASE.) 

GO  TO  90 
564  CONTINUE 

C  USE  RHO  AT  HUB  AS  FLUID  RHO. 

RHOH-RHO 

ZN-N 

ZK0-.4 

93  CONTINUE 

C  INTEGRATE  FOR  GIVEN  WA. 

PICKUP-PICK 

C  IF  'PICKUP'  IS  ZERO,  THEN  FIT  FORM  P ICKUP-A* W*W+B 

IF(PICKUP)72,71,72 

71  CONTINUE 

PICKUP»P1CKA*WA*WA+PICKB 

72  CONTINUE 

CALL  ITERWAI PLOT ) 

C  CHECK  REYNOLDS  NUMBER  .GT.  10,000. 

IF ( I  POLY  190,14,14 

14  CONTINUE 
WA1-WA 
TORO  l-TTORO 
WA-WA* 1 .0001 
PICKUP-PICK 

IF ( P ICKUP )73,74,73 
74  CONTINUE 

PICKUP=PICKA*WA*WA+PICKB 

73  CONTINUE 

CALL  ITERWAI PLOT) 

C  CHECK  REYNOLO'S  NUMBER  .GT.  10,000. 

IF ( IPULY)90, 15, 15 

15  CONTINUE 
WA2-WA 
TOR02-TTORO 

C  CORRECT  WA  BY  NEWTON-R APHSON  METHOD. 

DTORQ- I T0R01-T0R02 ) / ( WA1-WA2 ) 

WA-WAl-TORQl /DTORQ 

WRITE  OUTPUT  TAPE  6,91 , WA, WA 1 , T0RQ1 ,T0RQ2 

91  FORMAT ( 19H  ITERATION  ON  OMEGA  , 2F1 0. 3 , 2E l 5 . 7 ) 

WRITE  OUTPUT  TAPE  6,9? 

92  FORMAT! 1H1 I 
I  JK-IJK-1 

IF( I JK)90,90,95 
95  C0N7INUE 

C  CONVERGENCE  CHECK  IS  HERE. 

IF (ABSF (T0R01 J-.OOl ) 94, 94, 93 

94  CONTINUE 
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THIS  IS  WHERE  CAROS  <  OR  PLOTS  )  WOULD  BE  PRODUCED.  ARRAY  ‘PLOT' 
CONTAINS  5  PARAMETERS  -  RADIUS,  VELOCITY,  ANGLE  OF  ATTACK, 
INTERFERENCE  COEFFICIENT,  AND  NET  BLADE  DRIVING  TORQUE. 

GO  TO  90 
END 


SUBROUTINE  ITERWA( PLOT ) 

DIMENSION  PLOT  I  5,400) 

DIMENSION  BEAR (6,15), C0EFTI8) 

COMMON  BEAR, TTORO ♦ Z LM, NBTAB I , NBTABJ 
COMMON  I  POLY ,COEFT 

COMMON  VBAR  »RE YN ,FR I CT , ZKO, R8 , RH, ZNU, Q , RHO , E04 , RAT  1 03 
COMMON  A6,B6,STAURH,STAURB,RM,RMS,STAUSI *STAUSO»TANB 1 , TANB2 
COMMON  T,W,ZL,ZN,GAMMA, AST, COSG, SING 
COMMON  G.RMASS, A,WA,PHI ,RT 

COMMON  00 ,RHOh, OELTAP ,C0, VH, ORI VE, FORAG,BRLOAO, TT 8 ,T ANG 
COMMON  RGUESS,COSGH, SH,GH,C»S,S GUESS 
COMMON  TS,WS, AS,NS,ROS,RIS,N$TEP 
COMMON  PICKUP, Z.'BR,ZJBC,ZJBL,J8 
COMMON  ETA, EPS, OT ,NB 
COMMON  EPSH,T1G,T2G,T1 ,T2,T3,GMB, ZLS 
C  DO  PART  OF  PRE-SWlRLER  FIRST. 

ZNS-NS 
RBTURB-RB 
RHTURB-RH 
RB-ROS 
rh-r  I S 

VBAR-Q/I (3. 1415927*(RB*RB— RH*RH) )  -( ROS-RIS )*ZNS*TS ) 

REYN-2. *VBAR*RB*(  I. -P.H/RBI/ZNU 
F  R IC  T-  .046/  (  RE  YN  **•  2  ) 

C  CHECK  REYNOLD'S  NUMBER  .GT.  10,000. 

IE (RENCHK (REYN )I 16, 16,17 

16  RETURN 

17  CONTINUE 

I F ( SENSE  SWITCH  1)600,601 
600  CONTINUE 

WRITE  OUTPUT  TAPE  6 , 10 1 , VBAR ,R EYN, FR ICT , RB , RH 
101  FORMAT ( BOHOPRE— SW I RLER  VBAR,  REYN,  FRICT,  R-BODY,  R-HU1  (FT.) 
1011  /5E15.7) 

401  CONTINUE 

C  COMPUTE  RM  FOR  PRE-SWIRLER. 

CALL  SUBRM(RMS) 

IF ( SENSE  SWITCH  1)602,603 

602  CONTINUE 

WRITE  OUTPUT  TAPE  6, 103, RMS 
103  FORMAT ( 20H0  MEAN  R  (SWIRLER)  /E15.7) 

603  CONTINUE 

C  STORE  SHEARS  FOR  PRE-SWIRLER. 

C  COMPUTE  SORT  (TAUR1/RH0)  AND  (TAURO/RHO) 

STAUSI»86*ZNU/(RM$-RIS ) 

STAUS0»A6*ZNU/ ( ROS-RMS ) 

C  CONVERT  BACK  TO  TURBINE. 

RB-RBTURB 

RH-RHTURB 

VBAR-Q/  (3.1415927*(RB*RB-RH*RH) ) 

REYN-2. *VBAR*RB*( 1 ,-RH/RB > / Z NU 
FRICT«.046/(REYN**.2) 

C  CHECK  REYNOLO'S  NUMBER  .GT.  ID, 000. 

IF ( RENCHK ( RF  YN ) ) 11, 11,12 


t 

i 
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11  CONTINUF 
RETURN 

12  CONTINUE 

IF { SENSE  SWITCH  11604,605 

604  CONTINUE 

WRITE  OUTPUT  TAPE  6, 104, VBAR ,REYN, FRICT ,RB , RH 
104  FORMAT  I BOHO  TURBINE  VBAR,  REYN,  FRICT,  R-BOOY,  R-HUfl 
1041  /5E15.7) 

605  CONTINUE 

WRITE  OUTPUT  TAPE  6, 97, VBAR, REYN, FRICT 
97  FORMAT  1 16H0VBAR,REYN* FRICT/3E15.7) 

C  COMPUTE  RM 

CALL  SUBRMIRM) 

IF ( SENSE  SWITCH  1)606,607 

606  CONTINUE 

WRITE  OUTPUT  TAPE  6,106,RM 
106  FORMAT I20H0  MEAN  R  TURBINE  /E15.7) 

607  CONTINUE 
RMT  *RM 

C  COMPUTE  SORT  (TAURH/RHO)  AND  (TAURB/RHO) 

STAURH»86*2NU/ ( RM-RH ) 

STAURB«A6*2NU/(RB-RM) 

C  INTEGRATE  THE  EQUATIONS  IN  A  SUBROUTINE. 

CALL  INTEG(PLOT) 

RETURN 

END 


(FT. 
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SUBROUTINE  INTEG(PLOT) 

C  FORM  INTEGRAL  OF  DRIVING  TORQUE,  FLUID  DRAG  AND  BEAR ING  DRAG. 
DIMENSION  P LO T ( 5 , 400 ) 

DIMENSION  BEAR(6,15),C0EFT<8) 

DIMENSION  V ( 25 ) 

COMMON  BEAR, TTORQ,ZLM,NBTABI ,NBTABJ 
COMMON  I POLY,COEFT 

COMMON  VBAR,REYN,FRICT,ZKO,RB,RH,ZNU,0,RHO»EQ4,RATI03 
COMMON  A6 ,B6, STAURH , S TAURB , RM, RMS , ST AUS I , STAUSO, TANB l , T AN82 
COMMON  T, W, Z L, ZN, GAMMA, AST, COSG, SING 
COMMON  G,RMASS,A,WA,PHI,RT 

COMMON  OQ,RHOH,DELTAP,CD,VH,DR WE , FDRAG .BRLOAD ,TT8 ,T ANG 

COMMON  RGU E S S, CO SGH,SH,GH,C,S,S GUESS 

COMMON  TS,WS,AS,NS,ROS,RIS,NSTEP 

COMMON  PICKUP, ZJBR,ZJ3C,ZJBL,J8 

COMMON  ETA,EP$»DT,NB 

COMMON  EPSH,T1G,T2G,TI,T2,T3, GMB, ZLS 

L INE  *0 

C  COMPUTE  IDEAL  OMEGA  FOR  4  POSSIBLE  CASES. 

IF(AS)531, 532,531 

531  CONTINUE 
!F(ZL)535,536,535 

535  CONTINUE 

C  SWIRLER  PRESENT,  ALPHA  S  NOT  ZERO  AND  L  NOT  ZERO. 

W IDE AL*VBAR*(6 • 2831 854/ Z  L+l. 5*$INF(AS)*(RT*RT~RH*RH)/ 

1  ICOSF(AS)*(RT*RT*R  f-RH*RH*RH> > I 
GO  TO  533 

536  CONTINUE 

WI0EAL»1.5*VBAR*( SI NF( GAMMA I/COSFI GAMMA )+$ INF (AS >/COSF< AS  I  I* 

1  (RT*RT-RH*RH)/(RT*RT*RT-RH*RH*RH) 

GO  TO  533 

532  CONTINUE 

IF (ZL  >537,538,537 

537  CONTINUE 

C  STRAIGHT  SWIRLER,  L  NOT  ZERO. 

W I DE AL *VBAR*6. 2831854/ ZL 
GO  TO  533 

538  CONTINUE 

C  FLAT  BLADE  TURBINE,  L»0  AS  *0  NEED  GAMMA  FROM  DATA. 

W IOE AL* 1 . 5*S INF (GAMMA )*(RT*RT-RH*RH>*VBAR/ 

1  (COSF ( GAMMA )*(RT*RT*RT-RH*RH*RH> ) 

533  CONTINUE 
I NDE  X* 1 

C  GET  ZKI  FROM  EG.  4(0R3)  OF  RM  CALC. 

ZNS*NS 

VBARS*Q/( ( 3. 1415927*(ROS*ROS-RIS*RIS) I-( ROS-RI S ) »ZNS*T S > 
ZKI-ZK0/E04 

C  START  INTEGRATION  AT  SOME  SMALL  DISTANCE  AWAY  FROM  HUB. 

C  INTEGRATE  TO  BLADE  TIP. 

RHH«RH+EPSH 

ZNSTEP»NSTEP 

DR*(RT-RHH)/ZNSTEP 

R*RHH 
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C  THE  FOLLOW  I NR  ARE  IN0EP6N0ENT  OF  R  INTEGRAL. 

C 

I F ( SENSE  SWITCH  1)608*609 

608  CONTINUE 

WRITE  OUTPUT  TAPE  6* 101 ,R ,RH,RB 

101  FORMAT (40H0INTEG  NEAR  HUB  R*  R-HUB ,  R-BODY  /4E15.7* 

609  CONTINUE 

C  INITIALIZE  THE  GUESS  VALUE  FOR  SWIRLER. 

SGUESS-1.5 
R  GUESS- 1.5 
RBAR».5*(RT*RH) 

RR«ROS-( ROS-RBAR  )*  (ROS-RI  S)  /  IROS-RH ) 

C  EVALUATE  AT  HUB. 

CALL  OKS (RRfOQHS ) 

CALL  OK(RBAR,ZKH,OQH) 

01H«1./I l.+OOH) 

001H»00H*01H 
IFIZD651, 652.651 

652  CONTINUE 

GH-SINF ( GAMMA) /CO SF (GAMMA) 

GO  TO  653 
651  CONTINUE 

GH  *6. 2831854+RH  /ZL 

653  CONTINUE 
GH-ATANF ( GH ) 

COSGH-COSF(GH) 

SINGH-SINF(GH) 

TANGH-SINGH/COSGH 

I F ( SENSE  SWITCH  1)610,611 

610  CONTINUE 

WRITE  OUTPUT  TAPE  6,102,  QQH,Q1N,QQ1H,GH,C0SGH,S INGH ,T ANGH 

102  FORMAT (80H0QC HUB),  1/ll+OH),  OH/ll+OH),  GAMMA (H ) ,  COS(GH),  SIN< 

1021GH),  TAN(GH)  /7E15.7) 

611  CONTINUE 

C  NEW  TAN  BETA1  FOR  SCALING  OF  FLOW  PROFILES. 

C  EVALUATE  FLUID  DRAG,  ETC.  AT  RBAR, 

IF (RBAR-RM) 121, 121, 1 22 

121  CONTINUE 

V«VEL(RBAR,RH,ZKI .STAURH) 

GO  TO  193 

1 22  CONTINUE 

V>VEL<R8AR,RB,ZK0,STAURB) 

193  CONTINUE 

IF(RR-RMS) 124, 124, 125 

124  CONTINUE 

V1-VEL(RR,RI S»?KI , STAUS I ) 

GO  TO  126 

125  CONTINUE 

V1-VEL(RR,R0S,ZK0,STAUS0) 

126  CONTINUE 
TANB1H»RBAR*WA/V 

1  »(2.*00HS*SINF(ASl/( l.+OOHS) ( ROS*ROS-R ! S *R I S ) / 
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2  ( ( RB*  RB  -RH*RH)*COSF(AS) ))/V 
IF ( SENSE  SWITCH  1)612,613 

612  CONTINUE 

WRITE  OUTPUT  TAPE  6, 103 , VI , V, TANB1 H 

103  FORMAT (50H0VI SWIRLER ) ,  V(TURBINF),  T AN( BETAl ( H ) >  / 

1031  3F15.7) 

613  CONTINUE 

C  COMPUTE  DRAG  COEFF. 

RBAR*.5*(RH*RT) 

$H*(6.2831B54*RBAR  -ZN*T)/ZN 

CBAR*W/COSGH 

CO* .074/ I V8AR*CBAR/ZNU 1  **  •  2 
I F ( SENSE  SWITCH  1)614,615 

614  CONTINUE 

WRITE  OUTPUT  TAPE  6 , 104.C0, SH, RBAR, CBAR 

104  FORMAT (50H00RAG  COEFF.  AT  RBAR ,  S(RBAR),  RBAR ,  CIRBAR)  / 

1041  4E15.7) 

615  CONTINUE 

SH«(6.2B31854*RH  -ZN*T)/ZN 

CH*W/COSGH 

I F I  SENSE  SWITCH  1)616,617 

616  CONTINUE 

WRITE  OUTPUT  T-^E  6,105,SH,CH 

105  FORMAT ( 20H0S ( RH ) ,  C ( RH )  /2E15.7) 

617  CONTINUE 

C  ROTOR  HOB  FLUIO  DRAG  TERMS. 

IF(ZU654,655,654 

655  CONTINUE 

T  ANGH* S INF ( GAMMA ) /COS  F ( GAMMA ) 

GO  TO  656 
654  CONTINUE 

TANGH=6.2831B54*RBAR/ZL 

656  CONTINUE 
V8AR2*VBAR*VBAR 

T4= .5*RHOH*VBAR2*CO*CH*ZN*SH*CO$GH 
TT5«0Q1H*TANGM+Q1H*TANB1H 
T5*TT5*SORTF( 1 ,+TT5*TT 5 ) *RH 
F0RAGaT4*T5/G 

C  MORE  BEARING  THRUST  TERMS. 

T9*.5*RH0H*VBAR2*ZN*CD*CH*SH*C0SGH/G 
TT8»1.-MQQ1H*TANGH+01H*TANB1H)**2 
T10  =  SORTF ( TT  8 ) 

I F ( SENSE  SWITCH  11618,619 

618  CONTINUE 

WRITE  OUTPUT  TAPE  6,108 

10ft  FORMAT ( 50H0****TERMS  IN  BEARING  THRUST  NOT  DEP.  ON  RADIUS.  ) 

WRITE  OUTPUT  TAPE  6, 106, T9 

106  FORMAT  I 50HO.5*RHOH*VB*VB*  N*CO*CH*SH*COS( GH  >/G  / 

1061  E15.7) 

WRITE  OUTPUT  TAPE  6,107,T10 

107  FORMAT  1 6  OHO  SORT  <  l  +  <  (0H/(  l*QH)*TAN(GH)*l/(  i  +  QH ) *T AN  I  BET A 1 <H  )  )**2) 

1071  /E15.7) 

T  9 10»T  9*T  10 
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WRITE  OUTPUT  TAPE  6.19.T910 
19  FORMAT  (UHOMUB  LOAD  >,E15.7) 

WRITE  OUTPUT  TAPE  6.109 

109  FORMAT  I 30H0****  START  INTEGRATION.  ) 

619  CONTINUF 

C  USE  EFFICIENCY  TERM  IN  DRIVING  TORQUE. 

C  NOTE  USE  OF  *CBAR»  INSTEAD  OF  INTEGRATING  OVER  C. 

AR» (RT-RHl/CBAR 
EPS*ETA/t 1 •♦2.9ETA/AR ) 
c  initialize  integration  sums. 

ORIVER-O. 

8R1NT-0. 

VV«0. 

VVS-O. 

ALPHIN»0. 

T1GG-0. 

T2GG-0. 

C 

NSTEP1-NSTEP+1 
00  26  I-1.NSTEP1 
C  DO  PRE-SW IRLER  FIRST. 

RMT  «RM 
RM-RMS 

RR -ROS- ( ROS-R ) • ( ROS-R I S 1 / ( ROS-RH ) 

IF  < RR-RMS 132.32.33 

32  CONTINUE 

Vl-VELIRR.RIS.ZKI .STAUSI I 
GO  TO  34 

33  CONTINUE 

Vl-VELIRR.ROS.ZKO.STAUSO) 

34  CONTINUE 
RM-RMT 

C  DETERMINE  REGION  ABOVE  OR  BELOW  RM. 

IF (R-RMJ22, 22,23 
C  HUB  VELOCITY 

22  CONTINUE 

V-VELI  R.RH.ZKJ , STAURH ) 

GO  TO  24 

23  CONTINUE 

V-VELI  R.RB.ZKO.STAURB) 

24  CONTINUE 

CALL  OKIR.ZKC.OQ) 

IF ( SENSE  SWITCH  1)620,621 

620  CONTINUE 

WRITE  OUTPUT  TAPE  6, 110, R, VI, V 

110  FORMAT (40H0RADIUS.  VISWIRLER),  V(TURBINE)  /3615.7) 

621  CONTINUE 

CALL  TOROUE ( V , VI ,R ) 

R IN«R* 1 2 . 

TL-T1/G 

TBO=.5*CO*T2*T3/G 
IF(LINE)B6,86,85 
B6  CONTINUE 
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L  INF-50 
WOT  6,16 
WOT  6,87 
HOT  6,88 
WOT  6,89 
WOT  6,90 

87  FORMAT ( 103H0  RAOIUS  TURBINE  ANGLE  OF  I  NT  ERFENC6  DEFLECT  I 
87 ION  STRAIGHT  BLADE  LIFT  BLADE  DRAG  NFT  BLADE  ) 

88  FORMAT  ( 106H  (IN.)  VELOCITY  ATTAC<  COEFFICIENT  COEFFICI 

881ENT  VELOCITY  TOROUE  TORQUE  DRIVING  TORQUE  ) 

89  FORMAT ( 102H  (FT/SEC)  (DEG) 

891  (FT/SEC)  (FT-LB)  (FT-LB)  (FT-LB)  ) 

90  FORMAT (  99H  R  VT  DELTA  <  QT 

901  VS  TL  TP  D  TO  ) 

85  CONTINUE 
LINE-LINE-1 

WRITE  OUTPUT  TAPE  6»123»RIN,V, GMB , ZKC, 00, V1»TL,TBD, DRIVE 
123  FORMAT ( 9F 1 1 . 6 ) 

PLOT ( 1,1 NOEX ) *  R I N 
PLOT( 2, INDEXJ-V 
PLOT ( 3 , I NOEX ) -GMB 
PLUT(4,INDEX)-ZKC 
PLOT ( 5 , INOE  X ) -DR  I VE 
INDFX-lNOEX+1 

C  CORRECT  FOR  ENO  POINTS. 

IF ( I -2 ) 5 1 , 50 , 51 

50  DRIVER- ( (DRIVER/0R)+0RIVE)*.5*0R 
BRINT-l (BRINT/DR5+BRLOAO)*.5*DR 
VV=( ( VV/DR ) +V ) *• 5*0R 

VVS- ( (VVS/DR)+V1)*.5*0R 
ALPHIN- ( ( ALPHIN/ORJ+GMB )*.5*DR 
T1GG-.5*(T1GG+T1/G)*DR 
T2GG=.5*( T2GG+.5*CU*T2*T3/G)*DR 
GO  TO  55 

51  CONTINUE 

IF(1*1-NSTEP1)52,53,54 

53  OR  1 -DR  I VE 
BR1-BRL0A0 
Wl-V 
VVS1=V1 

AL  PH  1 -GMB 
T1G1-T1G 
T2G1-T2G 
GO  TO  52 

54  CONTINUE 

DRIVER-DR  I VER+( DR1  +  DR IVE)*.5*DR 
BRINT-BRINT+(BR1*BRL0AD)*. 5*DR 
VV«VV*.5*(VV1+V)*DR 
VVS«VVS+.5*(VVS1+V1 ) *DR 
ALPHIN«ALPHINF.5*( ALPH1+GMB ) *DR 
TlGG=TlGG+.5*( T1G1+T1/G )  *DR 
T2GG=T2GG+.5*(T2G1+. 5*CD*T2*T3/G )  *0R 
GO  TO  55 
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52  CONT  ! NtlF 

DR  I  VFR=DR  IVER*ORl  VE*OR 
BRINT*BRINT*BRLOAO*OR 
VV«VV*V*OR 
VVS*VVS*V 1*DR 
ALPHIN*ALPHIN*GMB*DR 
T  l  GG  ■  T 1 GG+  T  l  G*  DR 
T2GG«T2GG+T2G*DR 
55  CONTINUE 
R*R*OR 
26  CONTINUE 

C  MOVE  R  BACK  TO  LAST  INTEGRATION  POINT. 

R«R-OR 

C  AVERAGE  VV 

VVl*VEL(RB-EPSH,RB,ZKO,STAURB) 

VLAST*.5*(V*VV1I*(RB-EPSH-RT> 

VV=VV*VL AST 

VV-VV/(RB-RH-2.*EPSHI 

VVS*VVS/(RT-RH> 

C  BLADE  TIP  CLEARANCE  DRAG. 

C  NOTE  THAT  'C'  IS  LEFT  OVER  FROM  LAST  INTEGRATION  STEP. 

REN=WA*RT*( RB-RT ) /ZNU 
F». 078/REN**. 43 

BLADET*.5*F*RHO*WA*WA*RT*RT*RT*C*T*2N/G 
C  PRESSURE  DROP  CALCULATION. 

r. 

C  FOR  BLADES - 

RBARS».5*(ROS*RI  S) 

CALL  OKS ( .5*1 ROS+R IS)*  DOS  I 
RBAR=.5*( RH+RBI 
CALL  OK ( RBAR  tZKC  tOO I 
ZNS'NS 

VBARS*0/ ( 3.14159*1 ROS*ROS-RIS*R IS  I )  -ZNS*TS* (ROS-R I S ) 

C  REN.  NO.  AT  C BAR  OF  TURBINE. 

R6N»V*CBAR/ZNU 
IF  IZL  1657  »658  *657 

658  CONTINUE 
GAM«GAMMA 
GO  TO  659 

657  CONTINUE 

GAM«ATANF (6.283I854*RBAR/ZL) 

659  CONTINUE 

TANGS'S  INF (GAM  I /COSF< GAM ) 

TANB1H*RBAR*WA/V 

1  -I2.*OQS  *SINF(AS>/( l.  +  OOS  I) * VI *  1 ( ROS *ROS-R 1 S *R I S ) / 

2  <  ( RB*R8  -RH*RH)*COSF(ASm/V 
TANB2-TANB1*  2. *00*( TANGS-TANB 1 1 / ( l.  +  OO) 

BETA2*ATANF( TAN82) 

0PH«.072*ZN*RH0*V*V*C/( S*COSF( BETA  2 )**3*REN**.2«G*144. ) 

C  00  PRESS.  DROP  FOR  INCLINED  PORTION  OF  SWIR'.ER. 

SS«(6.2831654*RBARS-ZNS*TS) /ZNS 
CS*WS/COSF( AS! 

REN  =V  1*CS/ZNU 
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TANGS* S1NF( AS) /COSF (AS) 

TANB2=TANGS*QO$/<  1.-M3QS) 

BETA2*ATANF(TANB2) 

DPHSW  =  .O72*2NS*RH0*Vl*Vl*CS/<  SS*COSF( BETA2) **3*REN*«.2«G»  144.  ) 

C  STRAIGHT  section. 

OPHS*  .0?2*ZNS*RHO*V1*V1*ZLS/  (  SS*RFN**. ?*G*1 44.  ) 

C  P I PF  LOSS. 

C  LENGTH  OF  METER. 

C  CONVERT  RAO.  TO  DIAM. 

ROS«2.*RO$ 

R I S=2. *R ! S 
2MU*2NU*RHO 

OPP*32.*VBARS*2MU*2LM/< ( ROS*ROS+R I S*RI S- ( ROS«RO$-R I S*RI S ) / 

1  LOGFIROS/RIS) )*G*144. ) 

C  CONVERT  0 1  AM .  TO  RAO. 

ROS* .5*ROS 
R I S=  .5*R I S 

OELTAPsDPH+OPP+DPHS+OPHSW 
I F ( SENSE  SWITCH  1)82,83 

82  CONTINUE 

WRITE  OUTPUT  TAPE  6, 81 ,OELTAP, DPH, OPP 
81  FORM  AT  ( 22HOPRE  SSUR  E  DROP  (PSD  *,FR.3,18H  ,  DUE  TO  RLADES  *,F8.3, 
81124H  AND  OUE  TO  PIPE  LOSS  *.F8,3) 

83  CONTINUE 

C 

tii=kmass*<  a+g*cosf  (phi  moPH  *irt-rh)*t*zn  *144. 

BR  IN  =  BR i NT 

WRITE  OUTPUT  TAPE  6 ♦ 1 2 , BR I N, T 1 1 

12  FORMAT ( 14H08LADE  LOAO  *  ,E15.7,17h  PRESSURE  LOAO  «,E15.7> 

BRINT»BR1NT+T9*T104T11 

C  THE  RESULTANT  TORQUE  IS  OR  I VE-BEAR ING-FLU1D  -BLADE  TIP-  MAGNETIC. 

C  FIND  CORRECT  THRUST  LOAO  FOR  BEARING. 

C  THRUST  LOAO  MAY  BE  NEGATIVE,  BUT  DRAG  ALWAYS  POS. 

BRI-ABSF(BRINT) 

C  DIVIDE  BEARING  LOAO  BEFORE  CONVERSION  TO  TORQUE. 

ZNB*NB 

C 

C  SFE  IF  BALL  BEARING  OR  JOURNAL  BEARING  TO  BE  USED. 

C 

IF ( JB ) 544 ,544, 545 
545  CONTINUE 

REN=WA*ZJBR*Z JBC/ZNU 
CHECK=4l. 1*SQRTF (2JBR/ZJBC) 

IF (REN-CHECK) 540, 540, 541 

540  CONTINUE 

FR IC*2 • /REN 
GO  TO  542 

541  FRIC*. 078/REN**. 43 

542  CONTINUE 

TJB=FRIC*RH0*3. 14159*2 JBL*WA*WA*2JBR**4/G 
C  NOTE  USE  OF  NUMBER  OF  BEARINGS. 

TJB=TJB*2NB 
BE  ART=TJB 
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c 


c 


GO  TO  546 
544  CONTINUE 

BRI-BRI/ZNB 
DO  70  1 1 «2»NBTAB I 
IFIBR1-BEAR(II,1> ) 71 ,71 *70 

70  CONTINUE 

1 1 *NBTABI 

71  CONTINUE 

11- II-l 

1 2-  1 1 
X-BRI 

X 1 "BEAR ( !  1 ,  1 ) 

X2«BEAR(12,1) 

SET  UP  AN  ARRAY  OF  INTERPOLATED  TOROUES. 

DO  73  1  =2 fNBTABJ 

Y ( I )«BEAR( I  It  I )♦( X-X1)*(8EAR( 1 1, II -BEAR!  12  * ())/ (X1-X2  > 

73  CONTINUE 

NOW  FIND  CORRECT  TOROUES  FOR  GIVEN  DRAG. 

DO  74  I*2t NBTABJ 
IF (BEAR! It  I l-WA)74,75,75 

74  CONTINUE 
I*NBTABJ 

75  CONTINUE 

BT»Y(l-ll*(WA-BEAR( 1,1-1)  )•!  V(I-1)-YM  I» /(  BEAR!  1 , 1-1 ) -3 6 AR ( 1 ,  l  >  ) 
BE ART  «BT*  ZNB 
546  CONTINUE 

RESULT-ORIVER-BEART-FDRAG-BLAOET-PICKUP 
TT(1RQ*RE  SULT 

*MF»WA*ZN/( 6. 2831 854*0*7. 4805) 

WRITE  OUTPUT  TAPE  6,501 


WRITE  OUTPUT  TAPE  6,511 

WRITE  OUTPUT  TAPE  6, 52 l , VBAR , VV, ALPH IN , VBARS , VVS , T IGG ,T2GG ,DR I VER 
WRITE  OUTPUT  TAPE  6,502 
WRITE  OUTPUT  TAPE  6,512 

WRITE  OUTPUT  TAPE  6, 522 , BR I  NT , BEART , BLADET , FDRAG ,P ICKUP 
WRITE  OUTPUT  TAPE  6,503 
WRITE  OUTPUT  TAPE  6,513 

WRITE  OUTPUT  TAPE  6 , 523, WA , RESULT , ZMF, DELT AP ,W I OEAL 

TURB.  V-T  INTEG.  ALPHA  INTEG.  V  BAR  SWIk 

TL  INTEG.  TBD  INTEG.  TO  INTEG.) 


TAPE 

501  FORMAT! 114H0V  BAR 
5011.  V  SW.  INTEG. 

511  FORMAT ( 1 1 4H  (FT/SEC)  (FT/SEC)  (DEG) 

5111  (FT/SEC)  (FT-LB)  { FT-L3 ) 

502  FORMAT!  96H0BEARING  THRUST  LOAD  BEARING  TORQUE 


5 021 RAG  ROTOR  HUB  DRAG 

512  FORMAT ( 96HQ  I  LB ) 

5121  (FT-LB) 

503  FORMAT!  95H0  ROTOR  SPEFD 
5031  PRESSURE  DROP 

513  FORMAT!  95H  (RAD/SEC) 

5  1 3 1 L  L  ON  )  (PSD 

521  FORMAT (5F 15.5, 3F 15.8 ) 

522  FORMAT (4F20.7.F20.9) 

523  FORMAT (F?0.4,3F20.9,F20.4) 


PICKUP  DRAG) 

(FT-LB) 
(FT-LB)  ) 

WA  RESULTANT  TORQUE 
IDEAL  SPEED  ) 
(FT-LB  I 
(RAO/SEC)  ) 


(FT/SEC) 
(FT-LB)  ) 

BLADE  TIP  D 

(FT-LB  ) 

MET  FR  FACTOR 

(CYCLES/GA 


WRITE  OUTPUT  TAPE  6,16 
16  FORMAT ( l H 1 )  -B26- 

RFTURN 
END 


SUBROUTINE  TORQUE < V, VI ,R I 
OIMENSION  BEAR(6,15)»COEFT(B) 

COMMON  BEAR,TTORQ,ZLM,NBTABI ,NBTABJ 
COMMON  I POLY»COEFT 

COMMON  VBAR,REYN,FRICT,ZK0,RB,RH,ZNU,0»RH0,EQ4*RATI03 
COMMON  A6,B6,STAURH,STAURB,RM,RMS,$TAUS1 ,STAUSO,TANBl ,TANB2 
COMMON  T, W,ZL,ZN, GAMMA, AST, COSG, SING 
COMMON  G»RMASS»A,WA,PHl  ,RT 

COMMON  OQ,RHOH,OELTAP,CO,VH,ORI VE , FORAG.BRLOAD, TT 8 ,TANG 

COMMON  RGUESS , COSGH, SH,GH»C*S*S GUESS 

COMMON  TStWS, AS, NS,ROS »R I S, NST6P 

COMMON  PICKUP, ZJBR»ZJBC»ZJBL, JB 

COMMON  ETA,EPS,0T,N8 

COMMON  EPSH,TIG,T2G,T1,T2,T3,GMB, ZLS 
C  COMPUTE  DRAG  COEFF. 

C-ABSFIC) 

CD*.074/(V  *C  /ZNU) **• 2 
Ql-l./l l.+QQ) 

001*00*01 

C  GET  OOS  FOR  PRE-SWIRLER. 

RR*ROS-( ROS-R  ) *(ROS-R! S ) /( ROS-RH) 

CALL  QKSIRR.QOS) 

C  NEW  TAN  BETA1  FOR  SCALING  OF  FLOW  PROFILES. 

TANB1* I R*WA- I 2 . *QQS*S I NFIASI/C l.+QOS) )*V1* I ROS »ROS-R IS*R1  S > / 

1  (  ( RB*RB  -RH*RH)*COSFIASm/V 
TANB2*TANB1*  2 . *00*< TANG-TANB 1 > / 1 1 .♦00) 

T6MP1=R*WA/V 

T6MP2*TEMP1-TANB1 

I F ( SENSE  SWITCH  1)622,623 

622  CONTINUE 

WRITE  OUTPUT  TAPE  6, 10 1 ,R , VI , V, 00, OOS, CO 

101  FORMAT (80M0T0RQUE  SUB.  R,  VISWIRLER),  VI TURBINE ) ,  0ITURB1NE), 

1011WIRLER),  ORAG  COEFF.  /6E15.7) 

WRITE  OUTPUT  TAPE  6, 102.TANB1 , TEMPI ,TEMP2 

102  FORMAT  1 50H0T0 ROUE SUB,  TANIBETAl),  R*W/V,  CORRECTION 

1021  3E15.7) 

623  CONTINUE 

C  ORIVING  TORQUE  TERMS. 

RV2N«RH0*V*V*ZN 
TT 1*QQ1*TANG+Q1*TANB1 
T 1 *R V2N*S* 2. *001*1  TANG- TANBl ) *R*EPS 
T2»RV2N*C*TT1 
T3-S0RTFI l.*TTl*TTl)*R 
C  BEARING  THRUST  LOAO  TERMS. 

TT8» 1 001 *TANG+01*T ANSI ) **2 

BRL«.5*RH0*V*V*C*ZN*( EPS*  S*ITANB2*TANB2-TANB1 *TANB1 )/C+ 

1  C0*SQRTF(l.♦.25*(TANB2♦TANBl)**2, ) 

BRL-BRL/G 

0RIVE«(T1-.5*CD*T2*T3)/G 
C  BRLOAO* (T6*T7+.5*T8*C0)/G 

8RL0AD-BRL 

GMB-ATANF ( .5*1 TANB 1+TAN82 ) ) 

GMB-GAMMA-GMB 
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C  CONVERT  TO  DEG. 

GMB«GHB*l80./3.  1M59 
T1G-T1/G 

T23G«.5*CD*T2*T3/G 

T2G-T23G 

I F ( SENSE  SWITCH  11626,627 

626  CONTINUE 

WRITE  OUTPUT  TAPE  6, 153, 8RL, BRLOAO 
153  FORMAT (23HOTANB2  LOAD,  OlO  LOAD  /2E15.7) 

WRITE  OUTPUT  TAPE  6,9, TANG, TANB1 , GMB , OOS ,T1G,T23G 
9  FORMAT ( 43HOTANG*  TANB1 ,  G-B,  OOS,  Tl/G,  .5  CO  T2  T3/G/6E15.7 

627  CONTINUE 
RETURN 
END 
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SUBROUTINE  OKI RI NT , ZK ,00 ) 

DIMENSION  BEAR i6f 15) t COE FT (8) 

COMMON  BEAR,TT0RQ,ZIN,NBTABI,NBTA8J 
COMMON  IPOlYyCOEFT 

COMMON  VBAR, REYN, FRICT,ZK0,RB,RH,ZNU,Q,RH0*E04, RAT  103 
COMMON  A6, 86, STAURH, STAURB»RM,RMS, STAUSI ,STAUS0*TANB1 ,TANB2 
COMMON  T  »M  ,  Z  L ,  ZN , GAMMA , AST ,C OS G, S ING 
COMMON  GyRMASS, A«MA,PHI,RT 

COMMON  QQ, RHOH, DEL T AP, CD, VH, DRIVE, F DRAG, BR10AD,TT8,TANG 
COMMON  R GUESS yCO SGH , SHyGHyC, SySGUESS 
COMMON  TSyWSyASyNSyROSyRISyNSTEP 
COMMON  PICKUP, ZJBR,ZJBC,ZJBL,JB 
COMMON  ETAyEPSiOT »NB 
COMMON  EPSH,T1G,T2G,T1,T2,T3,GMB,ZLS 
C  EXPRESSION  FOR  (C/S)  ON  BASIS  OF  GUESSED  R  (RR). 

CCSSF ( RR  )-P  I INV*( C0SG*L0GF( <RR*RR*2. *RR*COSAST* 1 . ) / (RR-RR-2. *RR 
1  COSAST+l.  )  )+2.*SING*ATANF(2.*RR*SINAST/(RR+RR-l. ) ) ) 

C 

PIINV-1./3. 1415927 
IF (ZL  >651,652,651 

651  CONTINUE 

GAMMA-6. 2831854*RINT/ZL 
GAMMA-ATANF( GAMMA) 

652  CONTINUE 
COSG-COSF (GAMMA) 

SING-S INF (GAMMA) 

TANG-SING/COSG 

C  FROM  GEOMETRY 

S-(6.2831854*RINT-ZN*T)/ZN 

C-W/COSG 

CSGEOH-C/S 

C  WOT  6 1  156,GAMMA,C  ySyCSGEOM 

156  FORMAT (4H0156,5E15.7) 

R-RGUESS 

16  CONTINUE 

TANA ST -TANG*(R*R-l. )/(R*R+l. ) 

AST-ATANF ( TANAST) 

COSAST -COSFC  AST ) 

SINAST-S INF ( AST ) 

CS 1-CCSSF (R ) 

CS2-CCSSF (R*1.001 ) 

OFOR- (CSl-CS2)/(R*.00ll 
OR- ( C  SGEOM-C  SI ) / DF  DR 
0IFF-CSGE0M-CS1 

C  W0T6,  157,R,AST,CSl,CS2y0R,0IFF 

157  FORMAT (1H0,20X,4H  157,6E15.6) 

C  KEEP  R  .GT.  1.0 

19  IF((R-OR)-i. >18,18,17 
18  OR- «5*DR 
GO  TO  19 

17  CONTINUE 
R-R—OR 

IF (A8SF (OR)-. 00001 >15,15,16 


>■ 
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15  CONTINUE 

CLCLI»4.*RAC0SAST*P1  INV/(CSl*IRM*l.  l*COSt . 
CL«6.2831854*CLCL1*SING 
QO  IS  LITTLE  0  USED  IN  INTEGRATION 
0Q-2.*R*C0SAST/(R*R*1. ) 

ZK  -CLCLI 
RGUESS-R 
RETURN 
END 
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c 

c 


c 


c 

c 

c 


c 


c 


c 


c 


c 

c 


SUBROUTINE  OKS  (RINT.OOS) 

SUBROUTINE  FOR  INTEGRATION  *0'  FOR  PRE-SWIR'.ER. 

NOTE  TRICKERY  IN  COMMON  TO  USE  SAME  NAMES  BUT  DIFFERENT  VALUES. 
DIMENSION  BEAR(6,15),C0FFT(ft> 

COMMON  BEAR, TTORQ, ZLM, NRTABl ,NBTABJ 
COMMON  IPOLY.COEFT 

COMMON  V8AR,REYN,FRICT,ZK0,Rfi,RH, ZNU,0,RH0,fc04,RAT 103 
COMMON  A6.B6,  STAURH , STAURB , RM, RMS , STAUSI ,STAUS0»TANB1 .TANB2 
COMMON  T,W,ZL,ZN,GAMMA,AST»COSG,SING 
COMMON  TS, WS»  ZL » ZNS ,GAMMAS«  ASTS  »COSGS»  SINGS 
COMMON  G,RMASS»A|WA,PHI ,RT 

COMMON  00  ,  RHOH, DELTAP ,C0,  VH ,  DR  l  VE »  FORAGtBRLOAl),  TT  8  ,TANG 

COMMON  ZQ »  RHOH ,UELTAP  »C0, VH,DR I VE  *  FDR AG »BRL0AD»TT8, TANGS 

COMMON  RGUESS.COSGH, SH,GH,C, StSGUESS 

COMMON  SGUESStCOSGH, SH,GH,CSW, SSW, RGUESS 

COMMON  TS.WS, AS,NS,RO$,RIS 

COMMON  T,W,AS»NS»ROS,RlS»NSTEP 

COMMON  PICKUP, ZJBR,2JBC,ZJBL,J8 

COMMON  F  TA ,E  PS  *  OT, NB 

COMMON  EPSH,TIG,T2G,T1,T2,T3,GMB,ZLS 

EXPRESSION  FOR  (C/S)  ON  BASIS  OF  GUESSED  R  <RR). 

CCSSF (RR  J«PIINV*(COSG*LOGF{ ( RR4RR+2. *RR*COSAST» 1 . )/<RR*RR-2.*RR* 
1  COSAST+1  .'tT+2  .*S I NG*ATANF( 2. *RR*S INAST/ ( RR+RR-l . ) ) ) 

ZN=NS 

PIINV=l./3. 1415927 

FIXEO  ANGLE  FOR  PR6-SW I RLER • 

GAMMA* AS 

COSG*COSF(GAMMAI 
S ING~S INF (GAMMA) 

TANG=SING/COSG 
FROM  GEOMETRY 

S=(6.2831854*RINT-ZN*T) /ZN 
C=W/COSG 
CSGEOM=C/S 
R  =RGUE  SS 
16  CONTINUE 

T ANA ST  =TANG*(R*R-1. )/<R*R«-i.  ) 

AST=ATANF(TANAST) 

COSAST*COSF ( AST ) 

SINAST=SINF( AST) 

CS1»CCSSF(R) 

CS2*CCSSFCR*1.00l) 

DFBR*(CSi-CS2)/(R*.001) 

0R= (CSGEOM-CSl ) /DFDR 
0  IFF*CSGEOM-CSl 
23  CONTINUE 

WOT  6,157,R,AST,CS1,CS2,DR,DIFF 
157  FORMAT( IH0,20X,4H  157,6E15.6) 

KEEP  R  .GT.  1.0 
19  IF ( (R-DR)-l. )18,18,17 
18  0R=.5*DR 
GO  TO  19 
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17  CONTINUE 

KEEP  DR  IN  SOUNDS. 

IFUBSFIDR/R)  -.25)21.21.22 
22  DR".5*0R 
GO  TO  23 
21  CONTINUE 
R  »R— DR 

IF  I ABSF (OR)-. OOOOl 115,1 5,1 A 
15  CONTINUE 

005  IS  LITTLE  »0»  USED  IN  TAN  BETA  1. 
QOS" 2. *R*COSAST/ ( R*R* 1 . ) 

RGUESS-R 

RETURN 

ENO 


FUNCTION  VEK  R*RR»ZK,SOTAUR) 

DIMENSION  BEAR(6,15)*COEFT(8) 

COMMON  8EAR*TT0RQ»ZLM*N6TAB1 *N6TABJ 
COMMON  IPOLVtCOEFT 

COMMON  VBAR. REYN *FRICT,ZKO*RB,RH*ZNU*0,RHO*EQ4, RAT  103 
COMMON  A6  * B6  tSTAURH*  STAURB*RM*RMS*  STAUS I *STAUS0*TANB1 *TANB2 
COMMON  T *H * ZL* 2N * GAMMA* AST* COS G* SING 
COMMON  G»RMASS,A,WA,PHI*RT 

COMMON  OQ,RHOH,OELTAP,CO*VH,DRIVE*FORAG,BRLOAD*TT8,TANG 
COMMOfi  R GUESS *COSGH*  SH*GH«C*  SStSGUESS 
COMMON  TS  * WS*  AS*  NS*ROS*R I S*  NSTEP 
COMMON  PICKUP*Z JBR*Z J6C  *ZJBL* J6 
COMMON  OUME TA  *  OUMEPS  *  0T»  NB 
COMMON  EPSH,T1G*T2G*T1*T2*T3,GMB*ZLS 
C  RR -RADIUS  OF  HUB  OR  BODY 
C  R  -  RAOIUS  ALONG  BLADE  (FOR  INTEGRATION) 

C  CHECK  FOR  POLYNOMIAL  VELOCITY  SPECIFICATION. 

IF(IP0LY)5*5*6 

6  CONTINUE 
RP-R 

VEL-COEFT(l) 

DO  7  1-2*8 
VEL-VEL+COEFTU  )*RP 
RP-RP*R 

7  CONTINUE 
VEL-VEL 
RETURN 

5  CONTINUE 
ATS02-. 95531659 
S-RM/RR 
SP1-S+1. 

SP1K-SP1*ZK 
SMI-1.— S 

ETA«(R-RM)/(RR-RM) 

C  SOT  AUR-SORTF ( TAUR/RHO) 

Y-ABSF ( R-RR ) *SQTAUR/ZNU 
I F ( Y-5 .  )  1  *  2*2 

1  CONTINUE 

C  FROM  GE  REPORT,  SET  U*  •  Y+  IF  Y  .LT.  5 

U-Y 

GO  TO  3 

2  CONTINUE 

TI-LOGF (1.5*Y*(l.+ETA)/(l.+2.*ETA*ETA) )/ZK 
T2-2.*SM1*S*L0GF(.5*(1.+ETA) I/(SP1K*( 2.*S-1 . ) ) 

T3«.5*S*$M1*< l.-3.*S)*L0GF( ( 1. +2.*ETA*ETA ) /3 . >/ < S P1K • < S* S* . 5* 

1  SMI*SMD) 

T4-6.*L0GF(6TA*SMI  +  S)/(SP1K*( ( SMI/S ) **2-1 . ) * ( (S/SMl  )**2*2.  ) ) 
T5»1.414214*S*SM1  *( ATS02-ATANF( 1 .41 421 4* ETA ) ) / (  SP1K  -(S-S* 

1  .5*SM1*SMD) 

T6- 14 .84-3 .73767/2 K 
U-T1+T2+T3+T4+T5+T6 

3  CONTINUE 
VEL-U*SOTAUR 

RETURN 
ENO 
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SUBROUTINE  SUBAM(RM) 

DIMENSION  BEAR(6«lS).COEFT(8l 
COMMON  BEAR , TTORO*  ZLM,NBTABI*NBTABJ 
COMMON  IPOLVfCOEFT 

COMMON  VBAR t RE YN , F  R ICT , ZKO«RB«RHT ZNU*  0 ,RHO « E04 tRAT 103 
COMMON  A6 1 B6»  STAURH,STAURB*RMt RMS» STAUS I tSTAUSO iTANBI * TANB2 
COMMON  T fW,ZL»ZN, GAMMA, AST »COSG» SING 
COMMON  GtRMASSi AyWAyFHt  *RT 

COMMON  00  *RHOH,OELTARtCOt VH , DR  I VE » FDRAG ,BRLOAD *TT8 ,T ANG 
COMMON  RGUESStCOSGH,SH,GH,C'S,SGUESS 
COMMON  TS»WS,AStNStRO$,AIS,NSTEP 
COMMON  PICKUPtZJ8R,ZJBC»ZJ8L»JB 
COMMON  ETAyEPSyDT »NB 
C  GUESS  RM 

RM-.5*(RH+RB) 

C  COMPUTE  DERIVATIVE  W.R.  TO  RM. 

C  TRY  TO  OBTAIN  RM  BY  NEWTON’S  METHOD  IX«X-F/DF> 

3  CONTINUE 

CALL  RMCALCIRMI 

F  l»RAT 103-E04 

CALL  RMCALC (RM* 1.001) 

F2»RAT I03-E04 

DF«  ( F l-F  2  I / ( RM* .00 i ) 

0RM-F1/DF 

IF ( ABSF ( ORM/RM) -.02)21»21»22 
22  CONTINUE 

C  TAKE  A  SMALL  STEP  IF  ITERATION  STEP  TOO  LARGE. 

ORM« .0 10*RM*DRM/ ABSF ( ORM ) 

21  CONTINUE 
RM«RM*ORM 

C  CHECK  ITERATION  CONVERGENCE 

IF ( ABSF (DRM>-. 000001 12»2» 3 
2  CONTINUE 

CALL  RMCALCIRM) 

RETURN 

END 
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SUBROUTINE  RMCALC(RM) 

DIMENSION  BEAR(6»15)fCOEFT(8) 

COMMON  8EAR»TTORQtZLM»NBTABI,NBTABJ 
COMMON  IPOUTfCOEFT 

COMMON  VBAR »RE YN »FRICT » ZKO»RB fRH, ZNU»0,RH0 t 604 ,RAT 103 
COMMON  A6 « B6f  STAURH * STAURB  »RMt  RMS»  STAUS I tSTAUSO tTANBl »T AN82 
COMMON  TtW »ZL«ZNtGAMMAf AST •COSGt SING 
COMMON  GtRMASSt AAy HAyPHI »RT 

COMMON  QQ,RHOHfOELTAP»CD»VH,DRIVE*FORAG»BRLOAD»TT8tTANG 

COMMON  RGUC  SS»CO$GH» SH*GHy Ct StSGUESS 

COMMON  'StWSfAStNS'ROStRISfNSTEP 

COMMON  PICKUPfZJBRtZJBCtZJBLtJB 

COMMON  ETA.EPStOTtNB 

COMMON  6PSH,TlG»T2GtTl,T2»T3,GMB,ZLS 

A6- .5*R6YN*S0RTF I.5*FRICT)*I(1 .- RM/RB ) / < 1 .-RH/RB 1 1 **1 • 5-SQRTF I 
1  l.+RM/RBI 

RAT  103- ( <RM-RH)/(RB-RM> 1**1 . 5*SQRTF ( RB/RH)*SQRTF ( I RM+RH)/ (RB+RM ) ) 
B6-  A6*RAT 103 

EQ2-RB* ( RM*RM— RH*RH )/(RH*(RB*RB-RM*RM)  ) 

SI-RM/RH 
SO-  RM/RB 
Cl -.4054651 
C2-. 69314718 
C3-1.0986122 
C4-3. 7376696 
C5-1. 4142135 
C6-  .95531659 

TERM1-L0GF ( ABSF ( A6) » 

TERM2-(2.*SO*(l.-SO)/<  < l.  +  S0)*C2.*S0-l. # ) >*C2 

TERM3-.5*C3*SO*( l.-SOI*(l.-3.*SOI/I ( l.+S0)*!S0*S0+.5M 1.-S0I++2) I 
TERM4-6.*L0GF ( SO ) / < I l.+SO)  *( C ( l.-SO) /SO) **2-1 . I  * I  (SO/ (  l.-S0)**2 
1  +2. ) I ) 

T6RM5«SO*( l.-SO )*C5*C6/( C l.+SOI*! S0*S0+.5*( 1 .-S0)«*2 1 1 
A-C 1+TERM 1-TERM2— TERM3+TERM4+TERM5+14. 04*ZKQ— C4 
TERM1-L0GF ( ABSF ( B6 1  I 

TERM2-  (2.  *SI  *(  l.-SI  I/ld.+SI  I*(2.*SI-1.  I  1 1  *C2 

TERM3-.5*C3*SI*( l.-SI )*Ii.-3.*SI) /I  I l.+SI I* ISI *S I+.5#( l.-SI 1**2) ) 
TERM4-6. *L0GF ( SI )/(( l.+Sl I  *{ ( ( l.-SI I/S  I )**2-l. I *( IS  I / < 1 .-SI) **2 
l  +2.  I  I) 

TERM5-SI*! l.-SI )*C5*C6/( (l.+SI )*( S I*SI  +  .5* 1 1 ,-S 1 1**2) I 
ZK I -ZKO/RAT 103 

B-C1+TERM1-TERM2-T6RM3+TERM4+TERM5+14.84*ZKI-C4 
E04-I A/B ) / SORTF ( E02 I 
C  PRINT  51t602»RATI03»A,B»E04 

51  FORMAT! 31HOE02»RATI03,A»B»E04  FROM  RMCALC/5E15 .7  I 
RETURN 
END 
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FUNCTION  RENCHK (REYN) 

DIMENSION  BE AR (6, l 5 ) «COEFT ( 8) 

COMMON  BE  AR , TTORQ , Z IN, N8TAB I ♦ NB TAB J 

COMMON  IPOLY,COEFT 

IF ( RE YN- l OOOO. 111*11*12 

11  CONTINUE 

WRITE  OUTPUT  TAPE  6,13 

13  FORMAT (40H0REYN0L0*  S  NUMBER  TOO  LOW,  CASE  ABORTED.  ) 

C  SET  • 1  POLY •  TO  -1  FOR  FILTERING  BACK  TO  MAIN  PROGRAM. 

IPOLY— l 
RENCHK-*!. 

RETURN 

12  CONTINUE 
RENCHK-1 . 

RETURN 

END 
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6  12 

0 »  0  *  »5 

2.  3. 

104.72  .000003798  .000009730 

.000041418  .000068548 

209.44  .000005209  .000011141 

.000042829  .000069959 

314.16  .000006366  .000012299 

.000043986  .000071116 

418.88  .000007524  .000013456 

.000045144  .000072274 

523.6  .000008537  .000014469 

.000046157  .000073286 

628.32  .000009405  .000015337 

.000047025  .000074155 

733.04  .000010309  .000016242 

.0C0047929  .000075059 

837.76  .000011214  .000017146 

.000048834  .000075964 

942.48  .000011575  .000017508 

.000049195  .000076325 


1.0 

.000018774 

.OOOOc'1185 

•000021342 

.000022500 

.000023513 

.000024381 

.000025285 

.000026190 

.000026551 


1047.2 

.000012733 

.000018665 

.000027709 

.000050353 

.000077483 

5236.0 

.000034726 

.000040658 

.000049702 

.000072345 

.000099476 

WATER  100 

PERCENT  0 

70.  DEG. 

88  NOM.  G 

RF  PRE-SW.  SAMPLE  OATA  SET. 

.92 

.40 

.002 

.5013033 

62.3  1. 

.070 

.230 

5.58 

14 

5.3 

.256 

0. 

900. 

90. 

.900 

.070 

.400 

30. 

5 

.9900  .30  2.597 

-.0000010 

A 

.0000200 

.00002000 

70. 

0  • 

1  -96. 

336. 

-240. 

2  200 

.00001 

i 


i 

i 

i 
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APPENDIX  C 

SAMPLE  COMPUTER  OUTPUT  TABULATION 
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RACIUS  TURBINE  ANGLE  OF  INTERFENCE  OEFLECT 1  ON  SWIRLER  BLADE  LIFT  BLAOE  DRAG  NET  BLADE 
TIN. I  VELOCITY  ATTACK  COEFFICIENT  COEFFICIENT  VEIOCITY  TORQUE  TORQUE  ORIVING  TORQUE 

I  FT/SEC)  O'EGI  IFT/SEC*  IFT-LBI  IFT-LBI  IFT-LBI 

R  VT  ALPHA  K  QT  VS  TL  TBO  TO 

0.490381  38.401481  6.4E450S  0.430778  0.995763  37.130470  3.061381  0.077931  2.983450 
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Part  One.  Turbine  Meter  Manufacturers'  Survey 
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APPENDIX  D 


RESULTS  OF  QUESTIONNAIRES 

The  Survey  of  Turbine  Flowmeter  Literature,  Section  III, 
attempted  to  outline  all  the  major  parameters  or  factors  that 
have  been  considered  by  other  investigators  in  the  field  and 
that  were  pertinent  to  the  study.  An  attempt  was  made  to  in¬ 
clude  all  the  major  effects,  as  well  as  those  less  important 
ones  which  may  not  have  been  explored  in  any  detail  in  the 
literature. 

The  next  phase  of  the  study  was  the  evaluation  of  the 
importance  of  these  general  factors  as  they  relate  to  turbine 
performance  and,  more  specifically,  the  meter  size,  type  and 
operating  fluids  of  typical  aerospace  applications,  as  oppos¬ 
ed  to  the  commercial  petroleum  industry,  chemical  processing, 
etc.  As  part  of  the  literature  search,  however,  it  became 
apparent  that  many  questions  —  particularly  pertaining  to 
empirical  flow  effects  —  remained  unanswered  and  were  not 
available  in  the  published  literature.  Therefore,  it  was 
believed  that  several  major  turbine  meter  manufacturers 
should  be  consulted  to  aid  in  obtaining  empirical  correla¬ 
tions,  test  data,  or  general  design  practices  that  had  been 
developed  in  recent  years  as  part  of  company  development  pro¬ 
grams,  but  had  not  been  published  in  the  open  literature. 

The  commercial  turbine  meter  manufacturers  were  also 
asked  about  the  relative  importance  of  various  factors 
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affecting  performance,  and  the  frequency  with  which  users 
have  been  concerned  about  these  effects  in  the  common  in¬ 
stallation  of  turbine  meters.  Since  the  manufacturers  are 
continually  in  contact  with  the  users  and  their  problems 
in  application,  it  was  believed  that  they  would  be  in  a 
far  better  position  to  judge  the  importance  and  the  fre¬ 
quency  with  which  many  of  these  effects  are  encountered. 

For  the  reasons  given  above,  a  questionnaire,  con¬ 
sisting  of  the  main  questions  raised  during  the  literature 
survey,  was  prepared  and  distributed  to  Potter  Aeronautical 
Corp. ,  Fischer  and  Porter  Co.,  Cox  Instruments,  and  Foxboro 
Company.  Each  of  the  manufacturers  responded,  and  their 
replies  are  included  in  this  appendix. 

It  was  hoped  that  these  visits  would  result  in  a 
more  objective  approach  to  the  preparation  of  the  theoret¬ 
ical  model  and  possibly  some  empirical  expressions  that 
could  be  incorporated  in  the  model.  Although  the  manufac¬ 
turers  answered  all  the  questions,  it  became  apparent  that 
very  little  experimental  work  had  been  done  in  most  areas, 
and  what  had  been  done  was  considered  proprietary. 

In  addition  to  the  manufacturers'  questionnaire,  a 
similar  questionnaire  was  prepared  for  distribution  to 
turbine  flowmeter  users  in  the  rocket  propulsion  field. 

A  companion  questionnaire  to  determine  the  facilities 
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requirements  for  the  subject  contract's  follow-on  test 
program  was  also  distributed.  Replies  were  received 
from  ARO,  Inc.;  Aerojet-General  Corp.;  Air  Force  Rocket 
Propulsion  Lab  (Edwac  s  AFB) ;  Army  Missile  Command;  NASA 
(Lewis) ;  NASA  (MSFC) ;  Pratt  &  Whitney  Aircraft,  and  TRW 
Systems  (received  too  late  for  inclusion.)  Responses  to 
these  questionnaires  are  found  at  the  end  of  thiB 
appendix. 

Review  of  these  three  questionnaires  illustrates 
the  need  for  conducting  experimental  testing  in  the  areas 
mentioned,  since  very  little  organized  test  data  are  avail¬ 
able.  This  is  particularly  true  with  regard  to  upBtream 
piping  effects  and  velocity  profiles,  where  empirical 
correlations  are  necessary.  Because  of  the  recognized 
sensitivity  of  meter  registration  to  these  effects,  an 
experimental  test  program  to  explore  these  effects  is 
essential  to  the  complete  understanding  of  turbine  flow¬ 
meter  operation  and  standard  practice  to  obtain  accurate 


flow  measurement. 


PART  ONE.  TURBINE  METER  MANUFACTURERS ' SURVEY 


A.  Analytical 

1.  Have  any  blade  interference  tests  been  conducted 
or  has  any  attempt  been  made  to  correlate  with 
the  effects  predicted  by  Rubin,  Miller  and  Fox? 

POTTER:  No  specific  tests  on  blade  interference 
have been  conducted.  An  increase  in  blade  number 
leads  to  increased  blade  drag  effects  and  a  greater 
variation  in  meter  factor  for  high  viscosity  fluids. 

FISCHER  &  PORTER:  No  attempt  has  been  made  to  cor¬ 
relate  the  effects  predicted  by  Rubin,  Miller  and 
Fox,  since  F  &  P  meters  hove  small  solidity  ratios 
and  blade  inte  ference  effects  are  not  a  concern. 

F  &  P  representatives  feel  that  it  is  seldom  neces¬ 
sary  to  design  a  rotor  with  a  large  number  of  blades 
where  blade  interference  would  be  a  factor. 

COX  INSTRUMENTS:  No. 

FOXBORO:  Some  tests  varying  number  of  blades  have 

been  conducted  to  correlate  the  effects  predicted 
in  Rubin,  Miller  and  Fox.  Results  are  proprietary. 


2.  Has  any  experimental  testing  been  done  that  might 
reveal  in  any  way  the  degree  of  secondary  flows 
b e tween  blades  of  turbine  flowmeters? _ 

POTTER:  No  experimental  testing  in  this  area.  Potter 

representatives  feel  that  an  increase  in  blade  number 
can  be  considered  generally  in  terms  of  boundary  layer 
displa  cement  effects  or  as  some  factor  related  to  the 
wetted  area  of  the  meter. 

FISCHER  &  PORTER:  No  flow  visualization  testing  has 
been  conducted  in  this  area.  No  trouble  has  been  noted 
with  secondary  flows  or  by  blade  interference  effects, 
and  therefore  these  areas  have  not  been  explored. 

CO X  INSTRUMENTS:  No. 

FOXBORO:  No  testing  has  been  dene  that  reveals  the 

degree  of  secondary  flows  between  blades  of  turbine 
f low  meters . 
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3.  Have  wall  boundary  layer  effects  been  noted  in  the 
calibration  of  small  meters  as  opposed  to  larger 
meter  size? 


POTTER;  Boundary  layer  effects  on  all  wetted  sur¬ 
faces-  in  the  plane  of  the  turbine  are  a  prime  con¬ 
sideration  in  very  small  bore  flowmeters.  This 
effect  is  well  demonstrated  in  a  study  of  Figure  4 
of  Dr.  Grey* 8  paper  entitled  "Calibration  of  Flow¬ 
meters  for  Cryogenic  Operation"  (ARS  Journal, 

February  1960} ,  as  it  relates  to  viscosity  effects. 

FISCHER  fc  PORTER:  Yes,  attempts  are  made  to  allow 
for  boundary  layer  effects  on  the  meter  housing. 

COX  INSTRUMENTS :  We  do  not  have  any  analytical  data 
to  substantiate  the  effects  of  wall  boundary  layers 
on  small  turbine  flowmeters.  However,  we  know  that 
we  cannot  produce  a  very  small  flowmeter  which  is 
linear.  This  phenomenon  can  be  attributed  to  the 
wall  boundary  layer  effect. 

FOXBORO ;  Wall  boundary  layer  effects  have  been  noted 
to  a  greater  degree  in  small  meters. 


4.  Has  blade  trailing  edge  thickness  appeared  as  a 
parameter  in  meter  registration?  If  so,  was  it 
important  in  just  low-Reynolds-number  high-vis¬ 
cosity  flows  or  was  it  an  effect  at  higher  Reynolds 
numbers?  _ 


POTTER:  Present  meter  designs  use  thin  blades  and 
therefore  blade  thickness  effects  have  not  been  im¬ 
portant.  Tapering  of  the  trailing  edge  has  influ¬ 
enced  a  meter  characteristic  which  was  linear  at 
high  Reynolds  flow.  Blades  of  extreme  thickness 
can  cause  distortion  in  meter  characteristics  at 
high  Reynolds  number  flow  rates,  particularly  in 
fluids  having  high  vapor  pressure  and  low  vis¬ 
cosities. 

FISCHER  &  PORTER:  The  shape  of  the  meter  character¬ 
istic  curve  can  be  controlled  for  high  Reynolds  num¬ 
ber  flows  by  modifying  the  trailing  edge  thickness, 
but  the  maximum  change  that  could  be  expected  would 
be  1%.  Wake  effects  are  encountered  more  with  the 
large  turning  angles  appearinq  in  the  reaction 
turbine  industry  than  in  turbine  flowmeters. 
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COX  INSTRUMENTS :  We  do  not  have  any  analytical  data 
to  substantiate  the  effect  of  blade  trailing  edge 
thickness.  However,  we  do  know  that  we  can  effect 
the  shape  of  the  meter  calibration  curve  by  filing  the 
blade  trailing  edges. 

FOXBORO :  Yes,  blade  trailing  edge  thickness  has  ap- 

peared  as  a  parameter  in  meter  registration;  it  seems 
to  have  an  effect  at  both  high  and  low  Reynolds  numbers. 


5.  Has  any  testing  been  conducted  with  rotors  where  a 

portion  of  the  blades  had  stalled  or  where  the  blades 
ran  in  transition  or  diff^ent  blade  surfaces  in 
different  flow  regimes? 

POTTER;  No,  some  experimentation  has  been  done  with 
tripping  boundary  layers  and  controlling  the  flow  as 
it  approaches  the  meter. 

FISCHER  &  PORTER:  No,  helical  blades  are  used  and 
therefore  significant  angles  of  attack  at  the  blade 
ends  are  not  encountered.  Also,  the  high  flow  end 
of  the  meter  characteristic  curve  is  always  turbulent. 

COX  INSTRUMENTS;  No. 

FOXBORO :  No  tests  have  been  conducted  in  the  area 

indicated  by  this  question. 


6.  What  blade  geometries  other  than  helical  rotors 
are  presently  employed  in  production  flowmeters? 

POTTER:  Flat  and  helical  blades  have  been  produced. 

Experimentation  with  other  blade  shapes  has  always 
led  to  compromises . 

FISCHER  &  PORTER:  All  rotors  for  turbine  flowmeters 
are  helical. 

COX  INSTRUMENTS :  All  turbine  flowmeters  manufactured 
by  Cox  Instruments  use  helical  rotors. 

FOXBORO:  Straight  blades  with  fixed  angles,  and  shaped 

helical  blades  are  used  in  production  flow  meters  as 
well  as  helical  bladed  rotors. 
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7.  What  are  typical  blade  thicknesses  and  trailing  edge 
thicknesses  in  the  2-inch  meter  size  range? _ 

POTTER:  0.020"  uniform  across  the  blade. 

FISCHER  &  PORTER:  0.030". 

COX  INSTRUMENTS:  Unknown 

FOXBORO:  The  typical  blade  thickness  of  a  two  inch 
meter  is  .042  inches. 


8.  At  what  maximum  "effective  angle  of  attack' does  any 
portion  of  a  typical  blade  operate? _ 

POTTER:  Since  flow  velocity  profiles  vary  from  minimum 
to  maximum  flow,  it  is  fundamentally  impossible  to  shape 
a  blade  to  operate  without  an  angle  of  attack.  Accord¬ 
ingly,  angle  of  attack  in  the  linear  operating  range  of 
a  flowmeter  has  not  been  a  deterring  criterion  to  good 
flow  measurement. 

FISCHER  &  PORTER:  Helical  blades  are  employed  to  elim¬ 
inate  the  variation  in  angle  of  attack  with  blade  radius. 

COX  INSTRUMENTS :  A  nominal  value  for  the  "effective" 
angle  of  attack  of  a  typical  blade  is  35  degrees. 

FOXBORO :  Have  not  calculated  the  maximum  "effective" 

angle  of  attack  of  the  blades.  Helical  blades  operate 
at  virtually  zero  angle  of  attack. 


9.  Any  general  comments  on  NASA  TND-3770  or  TND-3773  with 
regard  to  calibration  techniques,  flow  simulation, 
meter  dimensional  effects,  temperature  correction,  etc.? 

POTTER:  No. 

FISCHER  &  PORTER:  No. 

COX  INSTRUMENTS:  No. 

FOXBORO:  No  comments  on  NASA  TND-3770  or  3773. 
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10.  Has  blade  tip  clearance  appeared  as  an  important 
manufacturing  tolerance  in  terms  of  meter  linear¬ 
ity?  For  the  2-inch  size  range,  what  are  the 
typical  blade  clearances  and  manufacturing  toler¬ 
ances,  and  what  percentage  of  the  total  flow 
passes  through  this  clearance  area? 

POTTER:  Blade  tip  clearance  appears  only  in  the 
form  of  non-linearity  at  the  low  end.  Typical 
dimensions  for  one  rotor  are  1.700±^>^{  and 

for  the  housing  bore  1.750  *0.001  inclusive. 

FISCHER  &  PORTER:  No,  typical  blade  clearance  is 
0.015  t  0.062  inches . 

COX  INSTRUMENTS:  Blade  tip  clearance  definitely 
is  an  important  factor  in  determining  meter  lin¬ 
earity.  We  have  noted  that  we  can  make  a  flow¬ 
meter  linear  for  a  slightly  viscous  fluid  by 
producing  a  small  clearance  near  the  center  of 
the  blades  and  a  wide  clearance  near  the  ends  of 
the  blades.  However,  we  do  not  have  any  analytical 
data  to  establish  an  exact  relationship  between 
blade  tip  clearance  and  meter  linearity,  or  an  ex¬ 
act  relationship  between  blade  tip  clearance  toler- 
ai  and  meter  linearity. 

FOXBORO:  Blade  tip  clearance  is  an  important  manu¬ 

facturing  tolerance  in  terms  of  meter  linearity  in 
the  smaller  size  meters.  For  a  two  inch  meter  the 
tip  clearance  is  .012  and  the  tolerance  is  *  0.0005 
Total  flow  through  this  area  depends  on  Reynolds 
number.  No  calculations  are  available. 


11.  Wha£  production  tests  are  employed  to  detect  defect 
ive  or  out-of-spec  bearings? _ _ 

POTTER:  Poor  meter  characteristics  or  bearing  ring 

ing  on  calibration. 

FISCHER  &  PORTER:  On  the  basis  of  bearing  torque 
during  calibration  tests.  A  series  of  different 
fluids  with  overlapping  viscosities  are  used,  and 
the  meter  must  exhibit  the  same  behavior  for  a 
given  set  of  flow  conditions. 

V. 
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COX  INSTRUMENTS:  C ox  Instruments  procures  bearings 
directly  from  bearing  manufacturers  and  assumes  that 
these  bearings  are  not  defective.  However,  any  de¬ 
fective  bearing  which  is  used  in  a  turbine  flowmeter 
will  result  in  non-repeatability  of  that  flowmeter 
and  will  be  detected  during  meter  calibration. 

FOXBORO:  Calibration  tests  are  used  to  detect  out- 

of-spec  ball  bearings  --  sleeve  bearings  are  dimen¬ 
sionally  inspected. 


12.  what  bearing  designs  are  employed  for  small  meter 
sizes  to  minimize  bearing  drag?  Are  glass-filled 
Teflon  retainers  employed  in  the  large  meters? 

POTTER:  Both  sleeve  and  ball  bearings  are  employed. 

FISCHER  &  PORTER :  Sleeve  and  ball  bearings  are  used. 
Ball Hbearings  arc  recommended  above  sleeve  bearings 
when  the  fluid  is  suitable.  Sleeve  bearings  are  used 
where  problems  with  lubricity,  corrosion  or  dirt  may 
be  encountered.  Teflon  retainers  are  used  with  ball 
bearings  for  larger  sizes  in  cryogenic  service. 

COX  INSTRUMENTS:  Cox  Instruments  uses  ball  bearings 
in  all  its  flowmeters,  including  the  small  sizes. 
Glass-filled  teflon  retainers  are  available  and  will 
be  installed  if  specified  by  our  customers. 

FOXBORO:  No,  special  bearing  designs  are  used  in  the 

smaO  meters  to  prevent  drag,  except  elimination  of 
excessive  pre-loading.  Glass-filled  teflon  retainers 
are  not  used  in  the  large  meters. 


13.  Has  any  significant  breakthrough  been  made  in  attempt¬ 
ing  to  measure  bearing  drag  and  to  minimize  it?  Can  a 
typical  bearing  spec  for  small  meter  sizes  be  made 
available?  _ 


POTTER:  Bearing  drag  effects  are  evident  from  a  study 

of  low  end  flow  rate  linearity.  Specifications  on 
ball  bearings  require: 

(a)  Running  clearance  be  0.0005  to  0.0009. 
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(b)  Temperature  stabilized  alloys  to  eliminate 
bearing  warpage  under  operating  conditions. 

(c)  Passivation  treatment  for  maximum  corrosion 
resistance . 

(d)  Ball  separators  of  nonmetallic  materials  for 
improved  lubricat.on  under  cryogenic  operating 
conditions,  as  we. 1  as  elevated  temperature 
conditions  to  300°F. 

(e)  Bearing  shields  utilized  for  prelubricated 
bearings  in  gas  measuring  applications. 

(f)  Appropriate  bearing  run-in  time, 

FISCHER  &  PORTER:  Some  development  testing  has  been 
done  with  the  direct  measurement  of  bearing  drag. 

Test  data  on  bearing  drag  has  been  obtained  for  use 
in  meter  designs.  Lubricity  is  a  big  factor  in 
bearing  drag.  A  typical  bearing  is  supplied  by 
Miniature  Precision  with  a  spec  MPB  S2-1/2  CP  68. 
Bearings  are  used  in  unmatched  sets. 

COX  INSTRUMENTS;  No. 

FOXBORO :  No  breakthrough  has  been  made  in  measuring 

bearing  drag.  Yes,  typical  bearing  spec  #A2010ZW  is 
enclosed . 


Empirical 

1.  What  testing  has  been  done  to  determine  meter  instal¬ 
lation  effects  such  as  the  effect  of  upstream  valves 
and  elbows? 


POTTER:  Installation  piping  configuration  effects 

and  straightener  properties  were  studied  in  Potter 
Pacific  Report  PP-2,  "Evaluation — Fluid  Flow  Straight¬ 
ener,"  July  18,  1959. 

FISCHER  &  PORTER:  Some  test  data  have  been  accumu- 
lated  in  this  area  and  may  be  made  available. 

COX  INSTRUMENTS:  Definite  testvng  has  not  been  per- 
formed  which  would  determine  the  effect  of  upstream 
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piping  installation  on  flowmeter  operation.  However,  j 

we  have  noted  that  this  effect  is  quite  significant 
for  large  meters,  such  as  3"  and  up,  while  it  is  al¬ 
most  negligible  for  smaller  meters. 

FOXBORO ;  Testing  has  been  conducted  on  selected  sizes 
of  production  series  meters,  using  elbows  and  swirl  in-  j 

ducers,  to  determine  the  effectiveness  of  straighteners.  ‘ 

] 

i 

2.  How  is  swirl  generated  and  measured  in  your  testing  and  j 

do  you  do  you  have  any  experimental  test  data  to  show 
its  importance? _  j 

POTTER;  Refer  to  Potter  Pacific  Report  #PP-2  mentioned 

in  reply  to  previous  question.  j 

FISCHER  &  PORTER;  Swirl  is  generated  by  means  of  a 
double  elbow.  Data  are  not  immediately  available,  but 
may  be  released. 

COX  INSTRUMENTS:  We  are  unable  to  comment  on  this  question. 

FOXBORO ;  Swirl  is  generated  for  test  by  using  machined  !  j 

helical  blades  installed  in  the  line  upstream  of  the  turbine  j 

meter.  Yes,  we  have  data  to  show  its  importar ;e;  however,  5  j 

data  is  proprietary.  '  j 


3.  Are  flow  straighteners  employed  in  the  calibration  equip¬ 
ment?  If  so,  of  what  type  and  for  what  type  of  disturb- 
ances  do  they  successfully  straighten  the  flow? _ 

POTTER:  Straighteners  are  always  employed  on  test  stands 

when  meters  are  calibrated.  These  straighteners  are  the 
tubular  bundle  type. 

FISCHER  &  PORTER;  Flow  straighteners  are  used  in  calibra- 
tion  equipment  but  not  in  general  installations.  The  most 
difficult  problem  is  transition  from  a  smaller  pipe  to  a 
larger  meter.  Transition  from  large  pipe  to  smaller  meter 
is  acceptable.  Equal  pipe  and  meter  size  are  also  accept¬ 
able,  since  meter  blockage  due  to  rotor  hub  and  blades 
effectively  produces  a  large-to-smaller  flow  area  trans¬ 
ition. 


1 


COX  INSTRUMENTS:  All  Cox  flowmeters  are  calibrated  with 
both  upstream  and  downstream  flow  straighteners  installed. 
Cox  upstream  flow  straighteners  have  six  straight  radial 
vanes.  The  downstream  straighteners  consist  of  simply  a 
straight  length  of  pipe. 

FOXBQRO ;  Yes,  flow  straighteners  are  used  in  calibration 
equipment .  They  generally  are  bladed  straighteners. 
Straighteners  effectively  remove  disturbance  generated 
by  pumps. 


4.  Has  any  testing  been  conducted  to  correlate  meter  error 
with  swirl  or  asymmetric  velocity  distributions? 

POTTER:  Very  little.  Recommended  practice  to  avoid  up¬ 
stream  effects  is  20  diameters  upstream  of  meter  and  10 
downstream.  Generally,  the  practices  of  the  American 
Gas  Association  and  American  Petroleum  Institute  are 
followed  with  regard  to  meter  installation.  Some  ex¬ 
periments  with  pipe  roughness  and  settling  length  have 
been  conducted. 

FISCHER  &  PORTER:  A  few  tests  have  been  conducted  with 
meter  error  related  to  pipe  diameter.  This  data  may  be 
made  available. 

COX  INSTRUMENTS:  No. 

FOXBQRO:  Yes,  testing  has  been  conducted  to  correlate 
meter  error  with  swirl  and  asymmetric  velocity  distrib¬ 
utions.  Data  is  proprietary. 


5.  Are  any  empirical  correlations  available  to  predict  the 
error  in  meter  registration  due  to  installation  effects? 

POTTER:  No. 

FISCHER  &  PORTER:  See  item  4.  Also,  NBS  may  have  some 
data . 

COX  INSTRUMENTS:  No. 

FOXBQRO:  Empirical  correlations  for  installation  effects 

are  not  available. 
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6.  What  design  techniques  are  employed  to  avoid  metsr 
vibration?  What  production  tests  are  employed  to 
detect  rotor  unbalance  and  meter  concentricity? 

Are  any  empirical  correlations  available  for  meter 
error  due  to  operation  in  flow  systems  subject  to 
vibration?  _  _  _ 


POTTER :  Clearance  in  bearing  is  controlled  and  mass 
unbalance  in  rotor  is  avoided.  Rotors  are  statically 
and  dynamically  balanced.  Meters  are  designed  to 
avoid  vibration  coupling. 

FISCHER  &  PORTER:  Rotors  are  balanced  on  all  meterc. 
There  have  been  no  complaints  in  the  field  abovt  meter 
error  from  external  vibration  except  that  caused  by 
increased  wear.  No  means  of  predicting  error  with 
environmental  vibration. 

COX  INSTRUMENTS;  None. 

FOXBORO:  No  special  techniques  are  employed  to -prevent 
meter  vibration  other  than  dynamic  balancing  of  rotor , 
inspection  of  concentricities  on  shaft  and  rotors  and 
blade  thickness.  Do  not  have  empirical  correlations 
for  external  vibration. 


7.  Are  any  test  data  or  empirical  correlations  available 
describing  the  effects  cf  meter  orientation  and 
acceleration  effects? 


POTTER;  Vibration  and  acceleration  testing  of  a 
Potter  turbine  flowmeter  (Model  1-5851)  is  documented 
in  NASA  Marshall  Space  Fligbr  Center  Astrionics  Laboratory 
Report  R-ASTR- IM-6 5 - 1 ,  Qualification  testing  of  Potter 
Aeronautical  Company  Turbine  Flowmeter  Model  1-5851, 
R-ASTP-IM  Type  III,  March  4,  1965. 

FISCHER  &  PORTER;  No.  Testing  has  been  done,  and 
users  may  have  test  data. 

COX  INSTRUMENTS:  No. 

FOXBORO:  Some  tests  and  data  are  available  describing 

the  effects  of  meter  orientation.  No  data  on  acceler¬ 
ation  effects  is  available. 
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To  what  extent  has  meter  transient  testing  been 
performed  and  in  what  fashion  is  the  test  con¬ 
ducted? 


POTTER  and  FISCHER  fc  PORTER;  None;  only  analytical 
predictions  using  analysis  of  Dr,  Grey. 

COX  INSTRUMENTS;  None 

FOXBORO;  Some  transient  testing  has  been  conducted; 
However ,  calculations  have  proved  to  give  sufficiently 
accurate  transient  response  data. 


To  what  extent  is  pulsating  flow  encountered  in  the 
application  of  turbine  flowmeters  and  what  is  the 
typical  magnitude  of  the  pulsation  intensity  when  it 
is  encountered?  Is  0.1  a  practical  pulsation  intensity 
below  which  meter  error  is  negligible? _ 

POTTER :  Very  little  information  is  available  in  this 
area  except  several  references  which  will  be  forwarded. 

fisculr  i  porter;  Very  little  experience  in  this  area. 
More  severe  in  gas  flows  which  have  been  the  subject  of 
past  investigations.  No  additional  references  to  offer. 

COX  INSTRUMENTS:  Pulsating  flow  applications  are  quite 
commonly  encountered  during  flowmeter  use.  However,  we 
do  not  have  any  analytical  data  regarding  the  intensity 
of  these  pulsations. 

FOXBORO:  Do  not  have  information  about  pulsating  flow. 


Miscellaneous  Items 


(a)  Have  you  noted  any  change  in  meter  registration 
due  to  oxide  formation  on  blades  with  corrosive 
propel  lant.s? _ 

POTTER:  No  effect  with  fluorides,  which  are 

the  worst  case.  Some  blades  in  hydrocarbon 
service  build  up  mechanical  deposits,  but  not 
in  aerospace  appl ications . 
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FISCHER  &  PORTER:  Oxide  effects  not  detected. 
Bearing  failure  would  come  first. 


COX  INSTRUMENTS:  We  regret  that  we  are  unable  to 
provlle  positive  answers  to  questions  10A  through 
10F . 

FOXBORO ;  Have  not  observed  the  effect  of  oxide 
deposits . 


(b)  How  closely  is  meter  and  bearing  material  controlled? 

POTTER:  Commercial  grade  materials;  bearings  made  to 
specifications  mentioned  in  reply  to  question  A-13 
above . 


FISCHER  &  PORTER:  Use  commercially  available  materials, 
which  are  certified  when  required. 

FOXBORO:  Meter  and  bearing  material  is  controlled  by 
certification  and  inspection;  control  is  dependent 
upon  usage  and  customer  requirements. 


(c)  Any  comments  on  the  importance  of  inlet  surface  finish 
and  noncylindrical  inlets?  Any  empirical  correlations 
for  these  effects?  _ 


POTTER:  Anything  to  induce  or  insure  turbulence  is  a 

beneficial  effect. 

FISCHER  &  PORTER:  No  inlet  effects  except  small  to 
larger  pipe  transition.  Flow  area  at  rotor  is  smaller 
than  pipe  diameter  so  flow  is  accelerating. 

FOXBORO;  No  comments  on  inlet  surface  finish  or  shape. 
No- empirical  correlation. 


(d)  Any  important  factors  concerning  the  chemical  reactivity 
of  fluid  affecting  meter  error  with  time? _ 

POTTER:  Meters  have  been  run  with  LOX  and  LF2  with  no 

deleterious  effects.  If  upstream  coatings  break  away 
and  contaminate  bearings,  there  can  be  problems. 

FISCHER  &  PORTER:  No. 
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FOXBORO i  No  comments  on  chemical  reactivity  effect 
on  meter  factor  with  time,  other  than  the  obvious 
effect  of  material  removal  from  blades  on  flow  area. 


(e)  Have  you  ever  noted  any  nonquantif iable  calibration 
shifts  between  fluids?  _ 


POTTER:  Yes,  a  mixture  of  fluids  to  obtain  a  given 
viscosity  will  often  give  a  different  effect  than 
a  homogeneous  fluid  at  the  same  viscosity. 

FISCHER  &  PORTER:  Yes,  with  a  non-Newtonian  fluid 
where  the  viscosity  is  a  function  of  the  shear  rate. 
This  was  encountered  in  a  hydrocarbon  fluid  with  an 
additive.  Be  very  cautious  about  additives  in  a 
system. 

FOXBORO :  Yes,  non-quantif iable  shifts  between  fluids 

have  been  experienced,  mainly  calibration  curves  in 
viscous  fluids  have  not  always  been  characterizable 
with  Reynolds  number. 


(f)  Have  you  established  any  "experience"  or  empirical 
correlations  that  predict  meter  error  or  shift  with 
breaking  in  or  running  time? _ 

POTTER:  Yes,  sleeve  bearings  employing  at  least  one 

element  of  a  soft  material  such  as  Teflon  or  Graphitar 
have  a  run  in  time  of  1/2-hour  of  maximum  rate  of  flow 
rate  for  very  small  meters  of  1/2"  or  under.  A  curve 
of  calibrations  vs.  time  over  a  54-hour  period  have 
been  obtained  in  a  life  test  of  Meter  MF80-4196.  Ball 
bearings  and  hard  sleeve  bearings  do  not  require  a 
break-in  period. 

FISCHER  &  PORTER:  No  break-in  is  required  with  ball 
bearings,  but  there  is  one  with  sleeves.  Estimated 
break-in  time  is  one  huur.  Break-in  completion  is 
determined  by  comparison  of  a  number  of  successive 
calibrations  until  no  shift  is  obtained. 

FOXBORO :  Some  experience  has  been  established  with 

meter  running  time  vs  error,  but  no  empirical  correla¬ 
tions  . 
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11. 


Are  there  any  empirical  effects  that  have  not  been 
mentioned  that  should  be  included  in  a  study  of  turbine 
flowmeters?  _  _ 


POTTER;  None.  Recommend  attempted  derivation  of  an 
equivalent  "coefficient  of  discharge"  as  it  relates 
specifically  to  the  orifice  immediately  upstream  of 
the  turbine  and  its  correlation  to  the  mean  radius  for 
the  turbine  meter. 

FISCHER  &  PORTER;  None  that  are  immediately  apparent. 

COX  INSTRUMENTS;  Believe  that  your  performance  study 
can  provide  a  better  answer  to  this  question  than  we 
can. 

FOXBORO ;  Effects  of  "lubricity"  on  turbine  meter  per¬ 
formance  require  investigation. 
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PART  TWO.  TURBINE  METER  USERS'  SURVEY 
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T  LI  >  1  W  I 


1  .  w«i  your  c rg an > tat  ion  rvn  p*rror«*u  any  ktp*riMni*i  calibration  teat  o(  I  T*i 
Urbina  f.owm*t«r*r  I 


2.  2c  you  have  rr.y  U|.«i  i-ental  data  which  ill-strat*  installation  *f facta 
crs  turbin*  fio<^Mtcra  (c.g.,  affect  on  flowmeter  rnutraupn  of  #ibo«a. 
tei.da .  valvaa,  swirl  inducers,  pip*  reducer*  or  expander*,  ttralghtaner*. 
coupling*,  preiiuri  probe*,  thermocouples,  ate.)?  if  ao. 

'it  What  pipe  fawtar)  aiiaa? 

(b)  What  fluid*? 

(c)  what  effect*? 


<dl  An  y  1  oma  i  report*  or  paper*?  (Clva  report  title*,  number  a  and  date*.) 


3-  do  you  have  any  experimental  data  which  indicate  the  effect*  of  fluid 
properties  (•. 9.,  viacoaity.  density,  lubricity,  surface  tension,  etc.) 
on  tuibir.a  flowmeter  registration?  if  eo, 

(a)  What  pipe  iHtti)  alas*? 

(b)  what  fiuid*7 

(Cl  Wti#t  propertiat? 


(d)  Any  fo.wal  report*  or  papers?  (wive  report  titles,  numbers  and  cates.) 


4.  Do  you  b«va  *r.y  experimental  data  which  migr.t  indicate  the  effect  of  meter  MO 
const  rv  ticn  or.  turbine  flowmeter  registration  (s.g.,  blade  angle,  bearing 
type,  output  pleioff.  meter  tire,  blade  clearance,  hub  diameter,  blade 
tfticKnea*.  bled*  shroud,  etc.)? 


(a)  What  pipe  (retar)  si  sea? 


It)  What  fluids? 


tc)  Which  construction  features? 

id!  Any  formal  reports  cr  papers?  (Give  report  titles,  numbers  and  dates.) 


you  have  any  axper  i.**enta  1  lata  which  r-ight  indicate  th#  stfoct  of  an- 
onmeniai  factors  v,r.  t-tbu.e  flowrate*  registration  (a.g.,  vibration, 
eiorat ic„,  fluid  prvitvro,  temperature,  fluid  rnomiatry,  ate.)?  if  ao. 


what  pipe  !»itr!  air*'.? 
wnat  Ilji'ia/ 

What  unviroueniil  factors? 


An;  formal  rep.rt*  nr  papers?  (Give  report  1 1 1  lee,  number*  and  dates.)  I  *0 


;  turbine  me  ter  a  which  you  be* 
ion  of  empirical  coefficient* 
i  performance? 


Tea 

Tee 

J/4*  to  1-1/2*  (1**41 ,  1-1/2* 

(1945) 

MjO.  LHj 

HjOi  valve,  elbow 
ifi2i  orientation  (vertical  up 
cel  down,  horizontal) 

,  ver ti- 

h 2o  in-house  date,  private  - 

LMj  KAA  TWO- 3 770  -  144S 

IOSt 

lends  dewnstr 


MDC-Tt*i3“  J 13 
Testing  of  the 
Propulsion  9 
Development 
and  3 .  f.  Def 


ft 

> 


i/a*  to  a?  d. 

Glycol,  MjO 
Viacoaity 


193!  in-hoo ■*  date,  no  publication 


3*.  4".  »* 

bOj  Ml,  MjO 

■lade  angla,  bearing  type* 
numerous  internal  memoranda 


re* 

l-l/?' 

‘  ,  2*.  2-1/2* 

*2°4- 

AI-S3 

fluid 

temperature  effects 

♦  )?*r 

io  *120*r 

Mo 

MO 

14  -  ,  f,  »•,  2 • ,  2-1/2* 
N204,  (Lei  -  4* ,  •*  14*) 

Pressure,  Temperature 


TN-149 

numerous  internal  memoranda 
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t  I  01M  1  M 


V  L  A  t  tOU 


maa.  pocxrrorxi 


CHITfO  MKCKATT  COppOMTlo* 


tend*  downstream  O*  flowmeter 


AtpC-Tn*4»-JJJ<U)  'Simulated  Altitude 
Ttittnf  of  UM  Afollfi  ur^ict  Riddle 
Ptopulelo*  System  (Aeport  1,  Phaee  11 
Development  test)  i  by  a.  H<  SchulU 
*nd  J.  f.  OePord,  J*r..  1*44 


•  1/*"  ud  M/J* 


*ur - -  -•  Dependent  properties  of 

fluid*  u  Ue'c#d  in  He.  *  Properties 
are  dependent.  end  ere.  therefore,  not 
vetted  independently. 


a*dc-T*-»1-27  'A«  In-fiec#  f loMeter 
Cal  Ibretion  »yetem  for  tee  with  hor- 
cryo««nic,  sigh Vapo*-Preeeure  Liquids* 
by  D-  L.  tetton .  kto,  Inc.,  nee.  l*&7 


i  ,  **.  s*.  4  ,  2*  ,  1-1/2* 


HjO,  mj04,  a- so.  r*|,  u>2 

Upstreae  valve*,  elbow*,  etr# ightenere , 
tesperetur*  probe*,  flange*.  reducer*, 
expanders. 


eroue  internal 


Influence  of  elbow*  -  detected  out  to 
to  CiAinetet*  upstream  of  l*  Potter 
ri>ie«ttf« . 


Hydrc.erbon  fuel 

Sffecte  of  various  er»nf iquretlon*  of 
*0*  elbowe  upetree*  of  the  f lew— ter 
were  examined.  The  primary  effect 
wee  reduced  meter  lineerity.  Plumbing 
effecte  were  negated  by  inetelletlon 
of  e  etenderd  e*lrl  eupprseeut  up* 
etreex  of  the  **t«i 


Technical  deport  prior  to  1*40,  avail-1  Hinm 
able  on  epeclel  request.  I 


Aarotmi,  XjO,  KJO4 
viacoal vy 


Mum  tom  internal  memoranda 


1/4*  through  2* 

Hydrocarbon  fuel 

normal  calibration  data  exist*  for 
eater  a  of  o.l  to  35  GPU  range  at 
100*r,  JOO'f  and  30O*P  fluid  te^>er- 
ature  and  for  meters  of  S  to  215  GPH 
range  et  100*p  and  200*p  fluid  temper¬ 
ature  . 

Home  United  data  exists  for  2*  end 
2-1/1*  cryogenic  meter*  calibrated  at 
venous  fluid  temperatures  on  hydro¬ 
carbon  fuel  end  at  normal  LC X  con¬ 
dition  . 


T  M  T  r  A  C  I  L 


TU*B  I  N  t  t  L  O 


C-tvo  your  fluid  tcnperature  limit*  (other  than  nonul  ambient  or 
cryogenic  Conditions  -  fluid,  hi^h  licit,  low  licit). 

•  ■) 


5.  Flow  *t and  construction  features 
(A)  Calibration  Standard 


4 r>>  Principal  readout  method 


<C>  Pressure  source 

ll>  Gag  pmiurc  Fluid* 

(2i  Circulating  puirp:  fluids 


(d)  Deacription  of  facility 


;e)  Your  tan  estimate  of  overall  precision  and  absolute  accuracy 
(break  down  by  Tluid,  meter  site,  test  atar.d  type,  etc.,  «■  applicable)  . 


ARC > ,  1HC0RPC RAYED 


AEFOJET-GEHtRAl  COAPORATIOH 


Water,  Hydrocartor  fuels. 

Water.  Hydrocarbon  fuels, 

Watsr 

llydratinc  and  mature#,  N 1  - 

Hydras  in#  and  mi stores,  K»- 

trogen  Tcxtrcaidc,  Alcuhol, 

trooer.  Teatroside.  Liquid 

IRFNA.  UOHH 

Air,  ci*ygen  or  Nitrogen, 
Liquid  Hydrogen 

n3o4  - 

♦  1 40*  F , 

♦  JOT 

AX -SO  - 

♦140*1  . 

♦  10T 

Water  - 

♦  1  *“  *  F  . 

♦  40*  F 

JP-4  - 

♦  1 0  0  •  F , 

-*t*F 

♦  l.'0*F,  *26  *F 

♦  1  ifl*F ,  MOT 


n2'j4 

2  test  stands 

Range:  1  to  2S0  gpe 
Meter  nlteet  1.'2"  t> 

AZ-  SC 

1  test  stand 

Range:  l  to  2S0  gpm 
Meter  suoai  1/2*  to 

3* 

Mater 

1  teat  stand 

Range;  0.01  to  300  gpm 
Meter  aises:  1/4*  to 

3* 

JP-4 

-  M.O 

1  feat  stand 

Ranget  1  to  2*0  gpo 
Meter  sires  i  1/4*  to 

2*1/2- 

1  teat  at  and 
Rang a >  5  to  3*0  qpm 
Meter  slien  1/2  to 
2- 1/2' 


e  igh-sca In  and  mercury  (cr  |  We lgh-sca le  and  i 


other  r-pcatsblo)  switch 
Weigh  scale,  in-place  cali¬ 
brated  load  cell  and  d ve  r  - 
<«r  valve,  NjOa  and  Al-*0. 

Continuous  weight  measure¬ 
ment  dead-ve ight  cel ibrstsd  I  J- 1 .  H-2,  C-* 
load  cell,  NjOa  and  JP-4  -  I 
H20.  | 


other  repeatable)  switch 
Mfesence  standard  flo*mete 
(Turbine) 

measured  volume  (0-6) 
Positive  0 1  sj>  lacement  Piato 


Weiqh-ecale  and  mercury  (•* 
other  repeetable)  switch 


Digital  Timer  (counters) .  I  Digital  Timer  HP  2*20  I  Digital  timer  (counters) - 


cs>2  i'f  Me  Hum  (4a,  4b,  4d>  J  GN  2 :  GHe ;  GMj 


A£Df--TP  €7-21  (Complete  Re-  I  SchefSt ica  H-2  J-l,  T.Lab., 
port  De »«-r  ipt  ion)  I  E-* 

Water  -  Co*  )H  AHT  Flow  I  Complete  Repoi t  Deacription, 
calibration  standard  I  D- 6 


Fluid  w« te t  precis.  Accur. 

»17?>4  ‘  }-T7?*'5VJT%  0  .  )61 

N2c4  ?-l  '2*  0.21%  0.2*% 

AZ - *C  2-1,2*  0.24%  0.42% 

Witei  2-1  2“  -  0.2*% 

JF-4  HOT  AiAILABU 

Water  2-1  '2*  0 ,OY%  G  .  1 )% 


V 


EMtiua.  towcAATio*  1  ArRhuMm:  ipwaups  \r* 


B  spt.'  ;r  tv~  iap.’vpm;  j  tj_ks  p :  •  _f  d _j- •  mji-'  r- ? 

).  I'i  you  •  .!•.•'•  tt<tn.>p4»oni  piping  ^rwC r-  t-  •  •:«■  ««■♦«•»,  t-r  I  m  rv- 
Atj-r-  arc  phc-toqt  ap:.y  uf  lot*.  uy-stroA*  r.v.*i*Mio«  sr.it  v'«»*  |-..i  nor«-.ia? 

i.  ; ;r,  you  !..ivr  j  ■>» lot 

1.  Can  ye  :  rc.isuj£  .r.-t*  n*nM«--n/ 


/«»«  five  llvii*  trr’|i 

rr  mil'*'  * 


ri'ii'.i  ■  rrr.t  jipsuhlv 


T .si-  yf>u  "i  **i!tr  itirrctlv  l sir  Mtt  f'UiJi!  <j  i  :i.j-i'  a:>  a  li#r.  •'  n  n  cl 
S(Tr  <1  in  t'.c  tont  71  u ill  *  11  ho,  Jv"  i  iu»  r«  *  •  •  !  u'r.f 

Oan  you  i  r  r- 1  a  i  l  la;.il  r«  a  .  ,  n  r  vil  t'..-  1  1  :  -i-.-i  j « .-t  •  jr 

Any  re.i‘  .:jMc  Ju'-if-iT  U  •  q  .  ,  up  t'  '■(  |'lp<-  j  ■  -'f-o  •  «*  I  h  »  i->  .■ 
pipr  upAtti-AP  And  downtlCCAP  Of  t hr  r.oti-r  : 

(i>  I'lo*  D.  raiqMi-r.nr  ufiim  t  ir.q..  I.  »r«  t<  n  1  / 

(lit  !sJIm  7*“t  .  r>fr.)  ? 

U>  Ohf  of  tore  clt-.o%t? 

<d)  rinnqce  inst  r  ur«rt«t  *or.  projections  (c.q.,  orifi'***,  tfcrr*'- 

ccuplv*.  prrsHur<-  probt-a,  »’tc.i? 

U-t  Fvjirp*? 

Ifl  oi  ».i*r  Mnwrctcrss 

(q>  Uitfrrciu  uputrvdn  ptpv  Jiar-ai  r'  Wit'-.  i.-Jmrril? 


?. 

Can 

yov  vibrato  t hr 

p-oter  w>- 1 1#  in  h  i*.  ? 

la) 

Hr;*  ror.Y  4*0*? 

■,!  ) 

Frrqj*r.cy  rar.qo 

»o  III. 

ID 

Amplitude  ranqr 

to  qrivi'iv*. 

;d) 

■  p  tr  what  UK 

^trr  Ufirr-.i?*)  * 

I'D 

l‘p  tc  what  t  »u» 

rate 

if  i 

' *ri.i'  f  luiJ*? 

AEROJET-GENERAL  CORPORATION 


TEST  FACILITY  AVAILABILITY  QUESTIONNAIRE 

Questions  4  end  5{e) 


. _ Question  4  -  Flow  Rate  Capability _ .  .  Question  5(e 

Calib.  Type  of  Range  Meter  Size  No.  of  Precision  A 

Fluid  System  <GPM)  ( inches) _  Test  Stands  ( 3  ) 


o 

CM 

X 

Time-Vol . 

18-3960 

1-1/4  to  10 

1 

0.10 

H20 

Time-Wt . 

1-230 

3/8  to  2-1/2 

2 

0.3 

h2o 

Vol.-Vol. 

1-238 

3/8  to  2-1/2 

2 

0.24 

h2o 

Vol.-Vol. 

250-2376 

3  to  8 

2 

0.24 

AeroZINE 

50  Time-Vol. 

18-400 

1-1/4  to  2-1/2 

2 

0.09 

n2o4 

Time-Vol . 

18-400 

1-1/4  to  2-1/2 

2 

0.09 

h2° 

Time-Wt . 

0.001- 

4.0 

Mini-flow 
to  3/8 

1 

0.15 

n2o4 

Vol.-Vol. 

18-400 

.1-1/4  to  2-1/2 

1 

0.3 

LH2  Time-Vo.l . 

LO2 

n2o4 

AeroZINE 

50 

18-400 

1-1/4  to  2-1/2 

1 

0.09 

H2O 

and 

Freon 

Time-Wt . 
Time-Vol . 

4-298 

1  to  2-1/2 

1 

0.18 

LH2 

Time-Vol. 

18-500 

1-1/4  to  3 

1 

0.09 

LH2 

Time-Wt. 

1000- 

3  to  12 

1 

0.3 

.10,000 
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NAA,  ROCKETDYNE 


TEST  FACILITY  AVAILABILITY  QUESTIONNAIRE 
Question  4 

FLOW  RATE  CAPABILITY 


Calib. 

Fluid 

Range 

(GPM) 

Meter 

Size 

Number  of 
Test  Stands 

Water 

0-30,000 

1/8  to  24 

1 

n2o4 

0-5 

1/8  to  1/2 

1 

MMH 

0-5 

1/8  to  1/2 

1 

Freon  TF,  0-5 

Tr  ich lore thy lene 

1/8  to  1/2 

1 

LOX 

1-200 

300-5,000 

1/2  to  18 

4 

RP-1 

1-1400 

1  to  6 

1 

Hydraulic  Oil 

0-15 

1/8  to  1 

1 

Lube  Oil 
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RECOMMENDED  TEST  PROG R.AM 


APPENDIX  E 


RECOMMENDED  TEST  PROGRAM 

The  three  major  objectives  of  the  test  program,  as 
stated  in  the  body  of  the  report,  are  as  follows: 

I.  Evaluation  of  the  analytical  model. 

II.  Correlation  of  flowmeter  inlet  velocity 
profile  with  piping  pa^crct^rs . 

III.  Effects  of  parameters  not  included  in 
the  model  or  in  Item  II. 

In  each  of  these  sections,  as  detailed  below, 
the  test  objective  is  stated,  the  required  experi¬ 
mental  equipment  is  specified,  and  a  suggested  test 
series  outlined.  Because  of  the  urgent  necessity 
for  establishment  of  inlet  velocity  profile  corre¬ 
lations,  it  is  strongly  recommended  that  Item  II 
be  given  priority  in  any  test  program. 

I.  Evaluation  of  Analytical  Model 

(1)  Test  Objective:  To  determine 
whether  the  analytical  model  properly  accounts  for 
the  effects  on  meter  registration  of  the  meter  and 
fluid  parameters  considered. 

(2)  Test  Equipment: 

(a)  Flanged  Turbine  Flowmeter 
with  replaceable  bearings  and  rotors.  Preferred 
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sizer  2"  (optional  1"  or  4"  meter  may  be  added  to  evaluate 
effect  of  scale  on  registration.) 


(b)  Piping  configuration  consisting  of 
at  least  30  diameters  of  straight  pipe  upstream  of  a  com¬ 
mercial  annular  flow  stra.ghtener  with  hub  of  same  diam¬ 
eter  as  flowmeter  inlet  hanger,  a  commercial  full-pipe 
flow  straightener  (no  hub) ,  a  piece  of  replacement  pipe 
without  straightener  vanes,  an  inlet  profile  instrumen¬ 
tation  section (see  below) , and  at  least  20  diameters  of 
straight  pipe  downstream.  All  internal  piping  must  be 
smooth,  with  no  appreciable  steps  in  pipe  ID  at  the 


flanged  joints. 


(c)  Approximately  10  sets  of  typical 


production  ball  bearings  for  each  of  the  flowmeters  tested. 

(d)  At  least  three  rotors  with  dif¬ 
ferent  blade- tip  clearances, 

(e)  An  instrumented  inlet  test  section 
(smooth  straight  pipe'  of  the  smallest  possible  length, 
with  the  following  instrumentation: 


taps  manifolded) 


(i)  Static  pressure  taps  (three 


(ii)  Input  pressure  rake  with 


probe  tips  at  test  section  inlet  (i.e. ,  just  downstream 
of  the  straightener  section) .  Radial  spacing  of  the 
probes  (which  may  be  staggered  circumferentially) 


should  be  no  more  than  0.1  inch,  with  probe  outer  diameters 
not  exceeding  1/16"  and  preferably  smaller.  The  rake  shoulc 
be  symmetrical  radially  (i.e.,  cover  a  full  diameter),  both 
to  obtain  symmetry  data  and  to  avoid  creating  an  asymmetric 
disturbance . 

(iii)  Temperature  probes  (three 
recommended)  ;  penetration  of  no  more  than  0.1  radius  is 
satisfactory . 

(iv)  Swirl  measurement  device. 

This  is  subject  to  development,  but  is  recommended  to  be 
in  the  form  of  a  very  thin  vane  no  more  than,  say  0.2 
radii  square,  suspended  by  a  freely  rotating  bearing  from 
a  radially  movable  strut.  An  orientation  detector  (e.g., 
magnetic  or  optical)  is  needed  to  determine  the  vane 
angular  position  to  the  order  of  *  0.1°.  Three  such 
devices  are  recommended,  equally  spaced  (120°  apart) , 

at  any  convenient  axial  location  in  the  instrumentation 
section.  Their  purpose  is  to  measure  local  swirl  angles, 
rather  than  mean  pipeline  swirl,  for  use  both  in  determin¬ 
ing  the  radial  distribution  of  blade  incidence  angle  util¬ 
ized  in  the  analytical  model  and  (in  Part  II)  for  deter¬ 
mining  the  true  effect  on  meter  registration  of  upstream 
piping  components. 

(f)  A  pressurized  mass  or  volumetric 
calibration  facility  (for  2"  meter  size)  capable  of  ap¬ 
proximating  0.1%  accuracy  on  (i)  water,  (ii)  oil  up  to 
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20  cs,  and  (iii)  a  typical  storable  liquid  propellant 
suitable  to  ICRPG. 


(g)  Capability  for  temperature  condi¬ 
tioning  of  the  test  fluid  over  a  minimum  range  of  150°F. 

(3)  Test  Program  Outline 
(a)  Configuration. 

All  tests  are  to  be  conducted 
using  water  at  rated  flow  and  one  reference  temperature; 
e.g.,  70°F,  with  the  standard  piping  configuration  as 
follows  (unless  otherwise  noted) : 

(i)  30  diameters  of  straight 
2"  pipe  upstream  of  meter. 

(ii)  2"  annular  flow  straightener 
just  downstream  of  30-diameter  straight  pipe  section. 

(iii)  2"  instrumentation  section 


downstream  of  straightener. 

(iv)  20  diameters  of  straight  2" 

pipe  downstream  of  meter 

"Standard"  input  data  for  all  runs  are: 

(i)  Inlet  impact  pressure  rake 


profile . 

(ii)  Inlet  twirl  profile. 

(iii)  Meter  and  pipeline  con¬ 


figurational  data. 
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(iv)  Upstream  fluid  temperature 


(and  all  other  usual  fluid  data) . 

(v)  Meter  registration  per 

unit  volume  of  fluid. 

hate  that  the  --r ?.  inlet  velocity  and  swirl  pro¬ 
files  for  each  test  are  to  be  used  in  the  analytical  com¬ 
puter  program. 

(b)  Tests 

(i)  Effect  of  flow  rate:  run 
standard  configuration  at  three  different  fluid  temper¬ 
atures  in  at  least  two  different  fluids  of  widely  dif¬ 
ferent  viscosities  (e.g.,  water  and  oil).  There  are 
three  effects  of  these  parameters  which  must  be  checked 
against  the  analytical  model:  inlet  profile,  blade  tip 
and  hub  drag,  and  flowmeter  material  expansion.  Each  of 
these  can  be  isolated  by  this  test  series,  provided  the 
specified  instrumentation  is  used. 

(iii)  Effect  of  bearing  toler¬ 
ances:  run  standard  configuration  with  10  different  sets 
of  bearings  in  high-viscosity  fluid  (e.g.,  oil). 

(iv)  Effect  of  blade-tip  clear¬ 
ance;  run  standard  configuration  with  three  rotors  having 
different  blade-tip  clearances  in  two  fluids  of  widely 
different  viscosities,  e.g.,  water  and  oil. 
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(v)  Effect  of  inlet  velocity  pro¬ 
file:  run  standard  configuration  with  three  different  flow 
straightener  configurations:  standard,  full-pipe  (no  hub), 
and  no  straightener  (straight-pipe  section  instead) . 

(vi)  Effect  of  changing  fluids: 
run  standard  configuration,  and  use  results  to  predict, 
using  the  analytical  model,  flowmeter  registration  on  a 
storable  propellant.  Then  run  the  storable  propellant 
and  compare  (a)  predicted  registration,  and  (b)  computed 
registration  using  actual  storable-propellant  inlet  profile. 

Note:  the  above  test  outline  does  not  include  the 
following  effects,  which  are  accountable  by  the  analytical 
model  but  are  believed  by  this  contractor  (based  on  the 
analysis  of  the  Fischer  &  Porter  design  example  discussed 
in  the  body  of  this  report)  to  be  of  negligible  effect  in 
the  high  Reynolds  number  regime: 

(1)  Journal  bearings,  including  material 

tolerances. 

(2)  Surface  finish  and  lubricity. 

(3)  Type  of  readout  device. 

II.  Correlation  of  Flowmeter  Inlet  Velocity  Profile 
with  Piping  Parameters. 

(1)  Test  Objective:  to  determine  the 
effects  of  all  installation  parameters  on  the  inlet 
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velocity  and  inlet  swirl  profiles,  so  that  these  instal¬ 
lation  parameters  may  be  used  systematically,  through  the 
analytical  model,  to  predict  quantitative  flowmeter  regis¬ 
tration  variations. 


(2)  Test  Equipment 

(a)  Piping  configuration  listed  in 
Item  (2b)  of  previous  test  series  (I) . 

(b)  Instrumented  inlet  test  section 
as  detailed  in  item  (2e)  of  previous  test  series  (I) . 

(c)  Three  2"  standard  pipe  elbows 


(flanged) . 


(d)  Two  each  standard  2  to  1  and  1-1/2 


to  1  pipe  reducers  (flanged) . 

(e)  Two  each,  standard  2"  globe  valves, 
gate  valves,  needle  valves,  and  ball  valves  (flanged) . 

(f)  Three  each,  straight  2"  pipe  sec¬ 
tions  (flanged),  10,  20  and  30  diameters  long. 

(g)  One  typical  piston-type,  vane- 
type  or  centrifugal  hydraulic  pump  (2"  size) . 

(h)  Pressurized  source  of  test  fluid 
with  temperature-conditioning  capability. 

(i)  One  impeller  type  swirl  generator. 

(j)  Flowmeter  to  record  level  of  flow 

4. 

rate  (accuracy  not  important;  -  3%  adequate) . 
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Note:  Turbine  flowmeter  and  prover  or  calibration 

stand  are  not  necessary  for  this  phase  of  the  test  program. 

(3)  Test  Program  Outline 

(a)  Configuration 

All  tests  are  to  be  conducted  using 
water  from  the  pressurized  source  at  approximately  rated 
2"  turbine  meter  flow  and  one  reference  temperature;  e.g., 
70°F.  The  "standard"  piping  configuration  and  test  data 
are  identical  with  those  listed  in  Item  (3a)  of  the  pre¬ 
vious  test  series  (I)  (except  for  flowmeter  configuration 
data,  which  are  not  necessary) ,  unless  otherwise  noted. 

(b)  Tests 

(i)  Effect  of  valves:  run  each 
type  of  valve  0,  10,  20,  30  and  60  diameters  upstream  of 
flow  straightener  inlet,  with  annular  flow  straightener , 
full-pipe  straightener,  empty  pipe  section,  and  no 
straightener  at  all  (valve  at  instrumentation  section 
inlet)  . 

(ii)  Effect  of  single  elbows: 
run  one  elbow  0,  10,  20,  30  and  60  diameters  upstream 

of  flow  straightener  inlet  with  each  of  the  four  straight¬ 
ener  configurations  designated  in  (i)  above. 

(iii)  Effect  of  multiple  elbows 
in  the  same  plane:  run  2  and  3  elbows  in  at  least  two 
of  the  above  configurations  (e.g.,  0  and  30  diameters 


-E10- 


upstream  of  straightener}  with  annular  straightener  and 
with  no  straightener,  with  0,  10,  20  and  30  diameters 
between  elbows,  and  with  elbows  turning  the  flow  in  the 
same  and  in  opposite  directions. 

(iv)  Effect  of  multiple  elbows 
in  different  planes:  run  at  least  four  configurations  of 
the  same  test  as  (iii)  above,  but  with  only  two  elbows, 
oriented  at  6  different  angles  with  respect  to  each  other. 

(v)  Effects  of  pipe  reducers 
upstream  and  downstream  of  the  meter:  run  three  config¬ 
urations  of  two  reducers  equally  spaced  upstream  and 
downstream  of  the  meter  at  0,  10  and  20  pipe  diameters. 

(vi)  Effects  of  straight  pipe 
length  and  fluid  parameters:  run  different  lengths  of 
straight  pipe  at  different  fluid  temperatures  with  two 
fluids  of  widely  different  viscosities. 

(vii)  Effect  of  pump:  run  at 
least  one  each  of  the  above  straight,  valved  and  elbow 
configurations  with  pressurized  and  pump  source. 

(viii)  Downstream  effects  of 

valves,  elbows  and  pumps:  run  at  least  two  configurations 
similar  to  tests  (i) ,  (ij)  and  (vi)  above  with  these  com¬ 
ponents  located  a  distance  0,  10,  20  and  30  diameters 
downstream  of  the  meter. 
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(ix)  Effects  of  controlled  swirl i 
run  tests  with  swirl  generator  installed  0,  10,  20,  30  and 
60  diameters  upstream  of  the  meter  with  and  without  flow 
straightener,  to  study  simple  swirl  and  to  correlate 
effects  of  compound  swirl  from  elbow. 

(c)  Data  Analysis 

To  obtain  meaningful  experimental 
correlations  that  can  be  generally  applied,  complete  speci¬ 
fication  of  the  fluid  properties,  velocity  profiles,  and 
system  geometry  is  essential.  Otherwise,  the  test  data 
will  be  peculiar  to  a  specific  test  configuration.  Before 
organizing  the  test  sequence,  the  key  test  parameters  to 
be  recorded  must  be  established  and  a  proper  dimensional 
analysis  conducted  to  avoid  repetitious  tests  involving 
the  same  parameter  groups  in  one  instance  or  the  omission 
of  required  tests  in  another  instance.  The  use  of  com¬ 
puterized  data  processing  systems  should  be  considered 
if  the  quantity  of  data  warrants  this. 

III.  Effects  of  Parameters  Not  Included  in  the  Model 
or  in  Item  II. 

(1)  Test  Objective:  to  evaluate  effects 
which  could  not  be  included  analytically  in  the  theoretical 
model,  and  on  which  insufficient  empirical  data  were  avail¬ 
able  in  the  prior  literature  or  from  the  questionnaires  of 
Appendix  D. 
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(2)  Test  Equipment:  Same  as  in  Item  I, 
paragraph  (2) ,  plus  the  following: 

(a)  Static  pressure  tap  just  down- 
stream  of  the  flowmeter. 

(b)  Static  pressure  tap  at  the  mini¬ 
mum  cross-section  flow  area  section  of  the  flowmeter. 

(c)  Centrifuge  with  all  necessary 
inlet,  outlet  and  instrumentation  connections  needed  to 
accelerate  meter  without  or  with,  if  possible,  instru¬ 
mentation  section,  up  to  20  g  in  any  of  three  principal 
planes. 

(d)  Vibration  table  capable  of  vibrating 
flowmeter  with  or  without  instrumentation  section  up  to  50  g 
amplitude  and  variable  frequencies  up  to  1000  Hz  in  any  of 
the  three  principal  planes. 

(e)  A  source  of  particulate  matter 
which  can  be  injected  into  the  pipe  well  upstream  (e.g., 

60  diameters)  of  the  flow  straightener . 

(f)  Elbow  or  other  pipeline  configur¬ 
ations  which  produced  maximum  asymmetries  in  inlet  velocity 
and  swirl  in  Item  II. 

(3)  Test  Program  Outline 

(a)  Configuration 

All  tests  are  to  be  conducted  with 
the  "standard"  configuration  and  data  records  of  Item  I, 
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paragraph  (3a)  unless  otherwise  specified.  Additional  data 
pertaining  ;o  the  specialized  equipment  detailed  above 
should,  of  course,  be  taken  when  appropriate. 

(b)  Tests 

(i)  Effect  of  asymmetric  velocity 
profiles  for  the  standard  configuration,  determine  change 
in  meter  registration  due  to  different  degrees  of  asymmetry 
in  swirl  and  velocity.  Results  of  this  test  will  eventu¬ 
ally  be  used  to  formulate  u  transformation  capable  of  con¬ 
verting  an  asymmetric  profile  into  an  equivalent  symmetric 
profile,  as  indicated  in  the  "Recommendations"  section  of 
the  main  report.  THIS  TEST  IS  OF  CRITICAL  IMPORTANCE  TO 
THE  USEFULNESS  OF  ITEM  II  RESULTS. 

(ii)  Effect  of  particulate  matter: 
for  the  standard  and  at  least  one  severely  asymmetric-pro- 
file  configuration,  determine  the  change  in  meter  regis¬ 
tration  produced  by  different  numbers,  different  sizes, 
and  different  material  densities  of  particulate  matter. 

(iii)  Effects  of  acceleration 
and  vibration:  standard  tests  to  evaluate  these  effects 
quantitatively . 

(iv)  Effect  of  cavitation: 

operate  standard-configuration  flowmeter  at  several  flow 
rates  in  excess  of  rated  flow,  using  flowmeter  pressure 
data  to  characterize  cavitation,  and  determine  meter 
registration  change. 
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